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Abstract

In light of the growing EE/DSM program offerings for VFD measures, it is worth reviewing the
savings estimation methodologies currently being useddtednine their reliability and investigate
whether changes or updates are warranted. Although there is similarity among program offerings, the
savings estimation methodologies used for VFD measures often vary significantly by VFD measure type,
from state-to-state, and progranto-program. This offerspportunity for investigation to determine
whichmethodologyis the most reliable foprogram implementationor if a new method is neededhis
paper compares the reliability of 13 different existing protodolsestimating savings for VFD
installations on HVAC fans. Each protocol was used to estimate savings for seven case studies and the
results compared to the verified savings that had previously been determined. This showed that most of
the TRM protocols we not reliable. The results were also compared to savings estimates derived using
U.S. DOE EnergyPlus commercial building prototype models. Finally a new simple protocol was
developed and validated as a more reliable alternative to existing protocotsfionating savings for
VFD installations on HVAC fan motors. As such the protocol developed in this paper is recommended for
adoption in TRMs across the country for use in energy efficiency program implementation to estimate
savings for installations of 16 on HVAC fan motoas a preferred alternative to most existing

protocols.



Dedication

This report is dedicated to my wife Jamie, oldest child Aviella (daugiteniddle child Caelen (son,
4), and youngest Adler (sob). First and foremost | would &ko express my unending love, gratitude
and thanks to my beautiful wife Jamie for your tremendous sacrifice and love in supporting my graduate
studies. | could not have done this without you. | am sorry it took so long and | look forward to spending
my new free time with you and the kids. And to my beautiful and creative daughter Aviella, perpetually
joyful and curious son Caelen, and youngest son Adler who lights up a room with his infectious smile,
thank you for your continued love and support even thoygu were all forced to sacrifice time with
your daddy so | could finish this work. | love you all deeply and hope to make it up to you now that | am

finished.



Acknowledgements

There are several people who contributed to the completion of pnegect report. | would like to
express my thanks and gratitude to all those who helped influence this Wwadat to thank my project
advisor Moncef Krarti for helping me to focus and get it dand for continued support and guidance
through my studies. Thanks also for his willingness to accept me as a TA in my first semester as a
graduate studentl alsowant to thank myresearch assistargdvisor Professor John Zhai and fellowship
advisor Profesor Ronald Pak for their help providing funding, directiamd encouragement to take on
new challenges.

Thank you to the entire faculty of the Building Systems Program for the knowledge they have passed
on to me through my coursework and research, tdta students of the BSP for bringing some fun into
the Engineering Center, and to all our friends at Smiley Court for all the memaories and for making us feel
at home.

I wouldalsolike to acknowledge my employer Navigant fwoviding additional fundingn order to

finishmy degree



Table of Contents

ABSTRAGCT ... ettt ettt ettt b et bt bt e e bt e e bt e e bt e ettt e ket e ehbe e s hnbe e eabe e e ke e e ebeeeanbeesaneeanbeeeanneennneennnes] I

DEDICATION. ...ttt sttt sms e ekt e ss e s se e e sa e e e s e e smr e e sb et e smneesmneennneennneemennneennneennneend v

ACKNOWLEDGEMENTS ...ttt iteeime ettt e s e ss e e s e e s r e e s st e sane e s nn e e anne e e nne e e nnneennens \Y,

LIST OF TABLES . ...ttt ettt b et bt h et e e R b e e ama bt e oo be e e eh b e e ebb e e ebe e e sbbe e sabeennne e e X

LIST OF FIGURES ...ttt mt ettt ettt s e et e e e s e s e e e e snne e s e e e nemeesnneenn XII

L0 T e I OO PT PP RPPR 1

00 R [ 011 {0 To 11 ox 1o o P PP P PP UPPRPO 1

1.2 PrOJECt ODJECHVES. ... eeeiiiiiiiiiie ettt ettt et e e e s sttt e e e s st be e e e e e e asbeeeeesanbneeeeean 4.

RS T S LT o o] (@] o T= T 1= | (o o F SR §

CHAPTIE 2.ttt ettt ettt ekttt ekttt ek et e sk et e s mb st e h e e ek e e e 1R b e e 4a bt e 42 ke e emaE e e 1E Rt e 4HRe e 4 a b e e et e e eab e e en b e e e nbeeeneeennes 5

2 HVAGEAN ANCPUMPIMOTORS ..ot tteeeiit ittt ettt e e e e e s sttt et e e e s e e e s e s e e e et e e e e e e s aa s sannnrenneees 5

2.1 AN AffINILY LaWS ..o s s e e e e e e e et et e et e e e e et e r e e e e e aaaaaaaaaaaaara 5

2.2 PUMPATINILY LAWS.. ..o s s e e e e e e e e e et e e et e et s s s e s e eeaeaeaeaeeeeeeeesesennnns 5.

2.3 Variable FIOW SYSEEIMIS .....oiiiiiiiiii ittt ettt e e e e e s aba e e e e s annreeas 6

23.1 MOtOr Speed CONLIOI DEVICES.......cciuiieeiiiii ettt et e st ee s nne e e s nnnee e 6

2.3.2 Variable FreQUENCY DIIVES. ......ccoiiiiiiiiiie ittt ettt e e e 7

2.4  Baseline SYStemM OPLIQIS.........ccooiiiiiii e e e e e e e e aaaaaas 11

24.1 BaSEliNE COMPONEILS........eiiiiiiiieiitii ettt a b et e e s e e s ann et e e anbe e e e nnn e e e sannee s 11

242 BaSEIINE CONIIOIS ... .eiiiiiiie i nre e 12

243 FaN Part LOAA CUINVES........uviieiiiie et e ettt ettt et e st e s ann e e e st e e nne e e e sannee s 13

L8 1 I 0 PR 19

3 ENERGEFFICIENCY ANDEMANDSDEMANAGEMENPROGRAMS......ctviiiiirieieestrrre e e eenree e e e 19

3.1 Ex Ante Savings versus Ex Post Savings ESimates............cccuuueieeiiiiiiiiiiiiiiiiiiceeeeeeeeen 19

3.2  Technical Reference MaNUAIS..........c.ueiieiiiiiieee et 20

3.3 LItEIAtUIE REVIEW.. .. eeiiiiiiiiiiee ettt e ettt e e e sttt e e e s sab b e e e e e e sbbneeeessnbaeeeeeans 23

331 OVBIVIBW. ...ttt ettt ettt e ekt e ekt e ettt e st e e et et e et e e e e e e et e e nsne e e s sne e e e nnnn e e e nnneee s 24

3.3.2 Case StUAY PAPEr REVIEWIS......cutiiiiiiiiiiiitee ettt sb e e st e e nenes 25

3.3.3 Savings Estimation TECHNIQUES .........cooi i 26

3.4 TRM Savings Methodologies for VFD Installations on HVAC Fan or Pump.Matats............ 30
341 Southwest Utility Measure Savings Estimation Methodology 2011 (based on pump/fan affinity32ws)

3.4.2 California Database for Energy Efficiency Resources (DEER).2011............ccoocvvivieeeeeiiiineneennn. 33

3.4.3  Connecticut 2012 TRM (based on temperature bin analysis)............c.cccoevniiiiiiiniiniin, 35

344 lllinois 2012 TR (based 0N 2008 CT TRMM).....coiuiiiiiieeeiiiiee e rrree e e 36



345 New Jersey 2011 TRM (based on 2008 CT TRM).....c.c.uuviiiieiiiiiiiir et esrareee e e e 38
3.4.6 Northeast Energy Efficiency Partnerships (NEEP)}Alliahtic 2011 TRM (based on 2009 CT TRM39

3.4.7 Ohio Draft 2010 TRM (based 0on 2008 CT TRM).........coiiiiiiiiiiiiiee e eriiieeee e AL
3.4.8 Pennsylvania 2013 TRM (based 0n 2012 CT TRM)........ouiiiiiiiiiiiiiee et eee e 43
3.4.9 Maine 2010 TRM (based on National Grid 2001 study, same as VT 2010.TRM)............c.ocveeee. 45
3.4.10 Massachusetts 2012 TRM (based on 2010 NSTAR StUAY).......eeeeiiriieirinieerriee e 46
3.4.11 New York 2010 TRM (based on E®Esimulation modeling).........cccveeeviiiiiiiieeeee e 47
3.4.12 Vermont 2010 TRM (based on National Grid 2001 study, same as ME 2010.TRM)..................: A9
3413 al ydzF I OG dzNB NE.Q...L. Ll £.0.dzZE L 0.2 NBeieieeeeeeeeceeeeeee e, 50
CHAPTERLA ...ttt e e e e e oo ae e e e e e e e e e e e e e e e e s e s e s e s e s s e e e e e e e e e aeaeaaas 52
4 CASESTUDIES ANBAVINGESTIMATIOMWIETHODS. ....cci ittt te e e s e e e r e e e e e e s e s s e e eee s 52
4.1 Selection Of CASE STUAIES ....ccciiiiiiiei ittt e et e e e s e sbreeeeeaaes 52
4.2 Estimating Savings Using Technical Reference Manuals..................cceevvivieiiieeiiieveiiivivnnnns 55
421 TRM LIMIEBLIONS ...ttt ettt ettt e e sb e e be e beenaneenbreesnne e e 55
422 TRM Demand Savings ESHMALES........ccuiiiiiiieiieie ettt et e e e e e e naeeeesnneee s 56

4.3 Estimating Savings Using EnergyPIus Modeling..............occoeviiiniiiiiiiiiiiee e 56
43.1 DOE EnergyPlus Commercial Building Prototypes..........ccueeeiiieeeiiiiieeiiee e eriiee s 57
4.3.2 EnergyPlus Modeling of HVAC SYSLEIMS......ccviiiiiiiieiieie ettt 58
CHAPTER.D. ..o e e e e 60
5 CASESTUDYDETAILS ANBAVINGIESTIMATES. ...ctttieeieiiieiitit e ee ettt e e e e e e ss st e e e e e e e e e e s s sninnnrneeeeeee s 60
B.1 0 CASE STUAY L.ttt ettt e e e e st e e e s abbe e e e e e nnbneeeeen e 60
51.1 SYSIEM SEIUD....ceiiiiiiiiiiieie e 60
5.1.2 VEIIEU SAVINGS. ... veeeiteie ittt e et ea e a e ek e e e et et e s e e e e s b e e e e anbee e e nnnees 61
5.1.3 TRM SaVINGS ESHMAIES ... ..eiiiiiiiiiiiie ettt s b nn e e e e s 61
5.1.4 EnergyPIus Modeling RESUILS. ...ttt e e e e e 62
5.1.5 SUMMIBIY ettt oottt e oottt e e e e e e bttt e e e e ek b e e et e e e e e s R s e et e e e e e e e abbn et e e e e e e annnnreeeeeeennrn 65

5.2 CASE STUAY 2....eiiiiiiiiiii ettt et e e e e st e e e sbrre e e e e nnbaeeeeenned 66
5.2.1 SYSTEIMSETUR ...ttt e e e e e e e e e e e e e ssmnnnreeee s s sannnrneeeenennnrnneeeeensns 66
5.2.2 VEIIEA SAVINGS. ....vtieieeie ettt e ettt et e e skt e s et e e sbe e e e s b e e e antne e e nnnees 67
5.2.3 TRM SAVINGS ESHMALES ......eoiiiiiiiiiiiie et e et e e e e st e e e e e e e e nnbaeeea e s 67
524 EnergyPIus MOdeling RESUILS. .........coiiiiiiiii ettt 68
5.25 SUMMIBIY ettt oottt e oottt e e e e e e bttt e e e e ek b e e et e e e e e s R s e et e e e e e e e abbn et e e e e e e annnnreeeeeeennrn 71

LR I 0% 11T (010 |V PP PPPRUPTRN 72
5.3.1 SYSTEIM SEUUP. ..ttt ettt ettt ettt ettt ettt et e e ee ettt ettt e et eeeeaaeeeaaaaaeaaaaaaaeaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaans 73
5.3.2 V=T 4 L= IS T= 1Y/ oo [ PRSP 74
5.3.3 TRM SAVINGS ESHMAIES ... .uiiiiiiiiiiiiiiie ettt e s e e e e e e e st e e e e e s s e st b aeaeaeesasastaareaeean 74

534 EnergyPIus Modeling RESUILS. ...ttt et e e e e e e aeeeas 75



5.3.5 Y00 2> Y PP PPPPPPPNE 78

B4 CASE STUARE ......oeiieieieii et e ekt e e e sttt e e e e b e e e e e b e e e e br e e e e a b ne e e e e a 79
54.1 SYSIEM SEIUP...ciiiiiiiiiiii i —— 80
54.2 VIO SAVINGS. ... veieetiie ettt e st e e e sk e e et e e s e e e s nr e e e annn e e e nanneas 81
543 TRM SaVINgS ESHMAIES ... ..oiiiiiiiiiiiie et ee e e e s e e snnee s 81
5.4.4 EnergyPlus Modeling RESUILS..........ccuiiiiie e et ee e e e e e e ataae s 82
545 SUMMIBIY .ttt e oot e e e e et e e e e e e e e e e e e e e s re e e e e e e e e s mn s e e e eeeeeaaasnnneeeeeeannnnnnneeeeeeennnn 85

5.5 CASE STUAP .....eeiiieiiiiiii et e e e e e e r e e e s e e e e e e d 86
551 SYSTEIM SEIUD. ...ttt e e e e e e e e e e e e e e e e e e e e e e e e neeeeens 87
5.5.2 V=111 To RS- 1Y/ oo SRR 88
5.5.3 TRM SaVINGS ESHMAIES ... ..eiiiiiiieiiiie ettt ettt et e e e st e e srbe e e e s bt e e snaeeesnneeeas 89
554 EnergyPIus MOdeling RESUILS.........cooiiiiiiiii et 89
555 1011010 0= oY O PSP PPPPR TP 96

5.6 CASE SHUAY B....cieiee e e e e e e e e e aaaaaaeaarrr . 97
5.6.1 Y (=T ST LU T o TP UU TP PPPUUPPPTN 98
5.6.2 V=141 To RS- 1Y/ oo SRR 98
5.6.3 TRM SaVINGS ESHMAIES ... ..eiiiiiiiiiiiie ittt e e st e e s e e nnnee s a8
5.6.4 EnergyPlus MOdeling RESUILS. ........ccoiiiiiiiiie et ee e et snae e e s nneeeeenes 99
5.6.5 SUIMIMIATY ettt ettt ettt n e s s nennnnrnnnnne 102

D7 CASE STUAY .ttt ettt ettt e e et e bbb e e 103
57.1 SYSEBIM SEUUD. ..ttt 104
5.7.2 VEIIEA SAVINGS. ... veeeittie ettt e s a bt e et et e et e e et b et e s nbe e e s anneeeabreeennes 105
5.7.3 TRM SAVINGS ESHMALES ......ciiiiiiiiiiieie et e e e e s e e e e e e anraeeeeeeas 105
5.7.4 EnergyPIus Modeling RESUILS........coouiiiiie e e e 106
5.7.5 SUMMIBIY .ttt et ettt e e e e ettt e e e e e et e e e e e se e et et e e e s s e ne e e e e e e asnnn e e e e e e e nennnnneeeeeenannn 109

CHAPTERL.B. ...ttt oottt e oo oo e aa b et e e e e e e s amt sk bbb et e e e e e aanbbeee e e e s esbmssbeeeeeeeesnnns 111
6 SAVINGIPREDICTIORESULTS. .. 1ttttteteeeiieiiittttee et ettt e e e e e st s st e e e e e e e s e e s s s s b e s e e et e e e e e e s aes s annnrenneees 111

0 A [0 11 F= T @] o 1ST =T Y= U1 T 3R 111

6.2 TRM ESHMAtion RESUIS........uuiiiiiiiiii et e e e e e e 113

6.3 TRM ReSUILS DY CASE STUAY......coeiiiiiiieiiiiieee et 117

6.4 EnergyPlus SIimulation RESULLS..........ccoiiiiiiiiii e 118

6.5 TRM versus EnergyPlus Modeling COMPAriSONS........ccuuuiiiiiiiiiaeieeaieiiiiiieieeee e e e e e e e 119

6.6 Program EValuation RESULLS..........ccoiiiiiiiiiiie et e e e e e e e 121

CHAPTER. L. ettt ettt e e et e ettt e e e e o e s e e et e e e e e s ame s bbb e et e e e e e an s be e et e e e e e s mnnbeeeeeeeesnne 125
7 RECOMMENDEDRMMODEL. ....ccciiiiiiiiiititiee ettt e s r e e e e e s e s s 125
7.1 Calculator AQJUSTMENES. ...ttt e et e e e e e e e e e s e aabbbnreeaeeeaaaaaaens 125



CHAPTER.B.... e e e st r e e ms e e e e s sane 138

8 WALIDATION. ettt ettt ettt ettt s o s oo 4o oo e e e e e e e e e e ae et eeeeetebebebeb e e e e e e a2 e e e e aeaeeeeeeeeeeeensennnnnn i ns 138

S NS 1U g ] o] (o] < S PP PP TP PP PP 138

8.2 Case Study Validation RESUILS...........cccuuiiiiiiiieeriee e e e e e e e e e nnnnees 139

L0 N 11 3 TSP 145
9 CONCLUSIONS ATRBCOMMENDATIONS. ... a e e e e e e e e s aaaeaeeeeeeeeseseasbsbabsssssaaeaeaaaeeaaaaaaaaeeeeeeeeennnnes 145
9.1 Existing TRM Findings and RecommendatiQns..............cevvvieeeeriiiiiiiiiiiieeeeeee e ssssee e 145
9.11 SU 2011 MSEM ReCOMMENUALIONS .....ciuiiieiiiieeiitiee e sieeeesiee e e seee e steee e e st e e ssnteeesnneeeeanebeeeeanes 145

9.1.2 IL 2012 TRM RECOMMENUALIANS. .....eeiieiiiiiiiieeeeeeseiiieiea e e e ettt e e e e s saeee e e e e s e snneaeeeeeesasnnreeeeeaeas 146

9.1.3 NJ 2011 TRM ReCOMMENAALIONS. .....ciiiiiiiiiee et iee e ettt e e e et e e e e e e e e e e e e s ntbeaeeeaeeaa 146

9.14 OH 2010 TRM RECOMMENUALIONS. .....civeiieiiiieeeiiiee e eieee et e e sitee et te e e s et e e snaeeesneeeeesneeeeeenneeas 146

9.1.5 PA 2013 TRM RECOMMENUALIONS. ....ceiiieiiieieeeeeeitieiee e e ee ettt e e e e e st baeeeeaeeasntbeeeeaeeeantaeneeeaeesan 147

9.1.6 ME 2010 TRM ReECOMMENUALIONS. ... ..uuiiiieiiiiiiiiiieee e e sttt e e e e e sttt eeeaaeeassnebaeeeaesssnsbreeaaeeensnnsnen 147

9.1.7 Cross Cutting ReCOMMENTALIANS.........ooiiuiiieiiiiee ettt et ee e e e seeeeessaaeeeeanes 148

9.2 EnergyPlus Prototypical Model Findings and Recommendatians...........ccccccccvveeeeieniiinnnns 148

9.3 New Protocol Findings and RecommendatiQnsS.............covvvvviiuiuiiiiiinieieieeeeeeeeeeeeeeeeeeennnnnnn 148

9.4  Other RECOMMENUALIONS........ceiiieeri i eeeeee e et e e e e e e e et e e e e s e e et e e e e e eessbeeeeseraaaneess 149

LS TR U (0] £ ST Y S 149

9.6 FINAI CONCIUSIONS....ciiiiiiiiii ettt e et e et e e e e e e e e e e s bbb e e e e eaaae e s 150

23] (@ 1] =¥ 2 = /PSSR 152

APPENDIX....



List of Tables

Table 1. Fan Part Load Ratio Regression Coefficients. (Bonneville Power AdminigtEatien),

Orlando Lawrence Berkeley National Laboratory (LBNL), 2013), (Wray & Matson,.2003).......... 15
Table 2. TRM Calculation MethodgYoCOMPAIISON............uviiiieiiiiiiiiree e e e e e e 31
Table 3. Case StUY SUMMALY.......cuureiiieeiiiiiir e e e e s e e e e e s annrrnreeeeeaanes 54

Table 4. Fan Part Load Ratio Regression Coefficients. (Bonneville Power Administration), (Ernest
Orlando Lawrence Berkeley National Laboratory (LBNL), 2013), (Wray & Matson, 2003). (Duplicate of

LI 0= ) TSP PPP T PPPPPPPPPPN 58
Table 5. Case Study 1 ProjeCt SUMMIAIY...........uuuriiiimiiimiieiieeeeeerreeeeereeeeeesaasaeeeaaeeesessessssnsennnnnd 6.1
Table 6. Case Study 1 TRM Savings EStiMates.............ooooiiiiiiiiiiiiievrererev e 62
Table 7. Case Study 1 EnergyPlus Model Total Electric Energy Savings Estimates............. 63
Table 8. Case Study 1 EnergyPlus Model Fan Only Electric Energy Savings Estimates......64
Table 9. Case Study 1 EnergyPlus Model Fuel Savings Estimates.................coeeeeeieeiicinnnnns 65
Table 10. Case Study 2 ProjeCt SUMMALY.........ccoeeieeiiii e eee e a7
Table 11. Case Study 2 TRM Savings ESMALES.........cccooiiiiiiiiiieen e 68
Table 12. Case Study 2 EnergyPlus Model Total Electric Energy Savings Estimates........... 68

Table 13. Case Study 2 EnergyPlus Model Fan Only Electric Energy Savings Estimates.... 69

Table 14. Case Study 2 EnergyPlus Model Fuel Savings Estimates.........cccccccccvvvviiveeeeeeeenn.. 70
Table 15. Case Study 3 ProjeCt SUMIMAIY........c..uuiiiiiiiiiiiiiieee et 73
Table 16. Case Study 3 TRM Savings ESMALES.........cccooiiiiiimiiiieee e 75
Table 17. Case Study 3 EnergyPlus Model Total Electric Energy Savings Estimates........... 76

Table 18. Case Study 3 EnergyPlus Model Fan Only Electric Energy Savings Estimates.....77

Table 19. Case Study 3 EnergyPlus Model Fuel Savings Estimates.........ccccccccvvvvveeeeneeeen.ld 18
Table 20. Case Study 4 ProjeCt SUMMALY.........coueeieeeeee et e e 80
Table 21. Case Study 4 TRM Savings ESMALES........c.eeiiiiiiiiiiiiiiiieeeeeeeeee s 82
Table 22. Case Study 4 EnergyPlus Model Total Electric Energy Savings Estimates........... 83
Table 23. Case Study 4 EnergyPlus Model Fan Only Electric Energy Savings Estimates....84
Table 24. Case Study 4 EnergyPlus Model Fuel Savings Estimates.........ccccccccvvevvvvviieeennennn. 85
Table 25. Case Study 5 ProjeCt SUMMALY.........ccoeeieeieei e 38
Table 26. Case Study 5 TRM Savings ESMALES........ccovvviiiiiiiiiiiiiieieeeeeeee e 39

Table 27. Case Study 5 EnergyPlus Model Total Electric Energy Savings E€ivhBteseline
Y/ T0] (0] =3 @ 1| OO 90



Table 28. Case Study 5 EnergyPlus Model Total Electric Energy Savings Edfinataseline

Y [o (o] £ @ 4 | PP PEPP T PPPPPPPRPPP 91
Table 29. Case Study 5 EnergyPlus Model Total Electric Energy Savings Estimates Versus Verified
S T= 1Y 0o L TP PP PPPTPP PPN 91
Table 30. Case Study 5 EnergyPlus Model Fan Only Electric Energy Savings ESNhizdesline
Y/ T0] (0] =3 @ 1| P 92
Table 31. Case Study 5 EnergyPlus Model Fan Only Electric Energy Savings Egihvdaseline
Y/ T0] (0] £ @ | O 93

Table 32. Case Study 5 EnergyPlus Model Fan Only Electric Energy Savings Estimates Versus Verified
7= 1Y/ o TSP PRUPRPRRR 93

Table 33. Case Study 5 EnergyPlus Model Fuel Savings Esti@\atBaseline Motors Only.......94

Table 34. Case Study 5 EnergyPlus Model Fuel Savings EstirteBaseline Motors Only.....95

Table 35. Case Study 5 EnergyPlus Model Fuel Savings Estimates Versus Verified. Saving3d5

Table 36. Case Study 6 ProjBOMmMary...........ccuueiieeeeeeeeeieee e aeeeeeeeees a8

Table 37. Case Study 6 TRM Savings ESUMALES.........cccooiiiiiiiiiiieee e 99

Table 38. Case Study 6 EnergyPlus Model Total Electric Energy Savings Estimates......... 100

Table 39. Case Study 6 EnergyPlus Model Fan Only Electric Energy Savings Estimates...101

Table 40. Case Study 6 EnetggModel Fuel Savings Estimates.........cccccccvvvveiiieenieeeennnnn. 102
Table 41. Case Study 7 ProjeCt SUMMALY..........cccoeeiiiiiii e e e e e e e 104
Table 42. Case Study 7 TRM Savings EStMALES........ccoovviiiiiieeiii e 106

Table 43. Case Study 7 EnergyPlus Model Total Electric Energy Savings Estimates......... 107
Table 44. Case Study 7 EmePlus Model Fan Only Electric Energy Savings Estimates......... 107

Table 45. Case Study 7 EnergyPlus Model Fuel Savings Estimates.............cccccceeeeeeeeeeennn. 108
Table 46. Average Energy Predicted / Verified Ratios by. TRM...........ovvvvvviieiiiiiiiiiiiiiieeeeen. 114
Table 47. Average TRM Estimates by Case StudY..........ccoooiiiiimiiiiiiiiiiiiieccee e 118
Table 48. Control Options for VFD Savings CalCUulator...............ccccoviiiviiiiiiiiiiiiiieee e 126
Table 49. Part Load Ratios by Control and Fan TypElamdFraction..............cccceevvvvvveeeeeennnne 128
Table 50. Default Hours of Use for VFD Savings Calculator (Ul and CL&R,.2011).............. 130
Table 51. Standard Motor Default Efficiencies.(Chirakalwasan;200B)................ccceeeeeerrnnne 131
Table 52. NEMA PiePact Efficient Motors Default Efficiencies.(Douglass, 2005)................ 132

Table 53. NEMA EPact High Efficiency Motors Default Efficiencies.(Douglass,.2005)........ 133
Table 54. NEMA Premium Efficiency Motors Default Efficiencies.(Douglass,.2005)........... 134



Table 55. Default Fan DUty CYCI@........ooi i 136
Table 56. Estimated Savings (kWh/yr) and RMSE by Estimation Methodd@dmsted for HVAC
I T - T ¢ S 144



List of Figures

Figure 1. World Energy Consumption. (U.S. Department of Energy,.2011)..........ccccceeevrnnnnne. 1
Figure 2. Map of States with Energy Efficiency Resource Standards and Goals. (DSIRE US2, 2012)
Figure 3. Outlet damper affect on system curves. (Cassidy & Stack, 1988), (Stebbins,.1994)7

Figure 4. Inlet guide vane affect on fan curves. (Cassidy & Stack, 1988), (Stebbins,.1994)....8
Figureb. ASD maintains fan efficiency operating point.(Cassidy & Stack, 1988), (Stebbins,.1894)

Figure 6. System curve effects daeslystem efficiencies. (Stebbins, 1994)...........ccccoviiieenn ! 9
Figure 7. Fan Part Load Curves for Various ConfiguratiQnS..............cccuvreeeeeennniiiineneeesnsnienns 14
Figure 8. Fan Part Load Curves with Outlet or Discharge DamperS.......ccccccvvvvvieeeiieeeeeeeeennn. 16
Figure 9. Fan Part Load Curves with Inlet Vanes and Inlet Dampers..........ccccvvvveveeeveeeeeeeenn.. 17
Figure 10. Fan Part Load Curves With ASDS.............coooiiiiiiii e 18
Figure 11. Case Study 1 Energy Savings Prediction Comparisan................ccccccceeeeiiiiiniinn, 66
Figure 12. Case Study 2 Energy Savings Predictiopafioon..............cccceeeeeeeeeieeiiceeeee, 12
Figure 13. Case Study 3 Energy Savings Prediction Comparisan...............cccccccceeeiieiiinniinn, 79
Figure 14. Case Study 4 Energy Savings Prediction Comparisan............ccccceuviivireeeeeennnnnne 86
Figure 15. Case Study 5 Energy Savings Prediction Comparisan............cccccevviviieeeeeennnnnnee. 97
Figure 16. Case Study 6 Energy Savings Prediction ComparisSQn............cccceeevrrvvireeeeennnns 103
Figure 17. Case Study 7 Enerayiifys Prediction COMPAriSON..........ccouiiiviiriieernniiiiieieeeennnns 110

Figure 18. Comparison of Average TRM Predicted Savings vs Verified Savings Estimates; plus or
minus one Standard Deviation Of PrediCtionNS...........oiiiiiiiiiiiiiiieeeee e 115

Figure 19. Comparison of Average TRM Predicted Savings vs Verified Bstiingtes; including

High and LOW ESHMALES. .......ueeiieiieeieeee e e e e e e e e e 116
Figure 20. Comparison of Verified, TRM, and Modeling Savings Estimates.............cc......... 120
Figure 21. Evaluation Realization Rate Comparison by Ex Ante Methodalogy.................... 122
Figure 22. Comparison of Evaluation RRs and Average Case Study Level RRs................ 123

Figure 23. Adjusted Evaluation Realization Rate Comparison by Ex Ante Methodology.....124
Figure 24. Typical F&uty Cycle for a VAV System (From ASHRAE Handbook; HVAC Systems and

Equipment, page 45.11, Figure 12.(ASHRAE, 2012))........cccuuiiiiiiiiiiiieieeiiiiiiieee e 135
Figure 3. Case Study Savings Prediction Accuracy Relative to Verified $aMijgsted for HYAC
I T 0 - T < >R P O P EPPR PP 140

Figure 26. Energy Savings&imaation Accuracy by MethodologyAdjusted for HVAC Interactive



Figure 27. Comparison of Evaluation RealizationRata@ljusted for HVAC Interactive Effects143
Figure 28. Print Screen of new protocol with savings estimates for Case Study.1............... 158

Figure 29. Print Screen of New Protocol Algorithms...........c.covvveiiiiii e 159



Chapter 1

1.1 Introduction

In 2010, the U.S. consumed 97.8 quads of en@ugg. Department of Energy, 201This accounted
for roughly 19% of globabasumption, second only to China. Of this total U.S. energy consumption,
buildings accounted for 41% of the primary energy, transportation was 29%, and industry accounted for
the remaining 30%. Within the building sector itself, commercial buildings caesw®P6 of the total

U.S. energy consumptioBeeFigurel below.

WORLD ENERGY U.S. ENERGY U.S. BUILDINGS
CONSUMPTION CONSUMPTION SECTOR
TRANSPORTATION PETROLEUM S
5%
OTHER
40% 19% A 2
nssuosmw_ 22% NATURAL GAs 349,
N s&.;uo#s CHINA
Ny 20% RENEWABLES ——
RUSSIA 9%
6% -

Figurel. World Energy ConsumptiorfU.S.Department of Energy, 2011)

Breaking this down further shows that 42.1% of the energy used by the commercial building sector
goes towards space conditionirigcluding space cooling (10.1%), space heating (26.6%), and ventilation
(6.1%). This is by fdne greatest endise of energy in commercial buildings with the next largest end
use being lighting at only 13.6%.

It is widely recognized today that energy efficiency is one of the most cost effective means to reduce
2 dzNJ y I G A 2y Qdemand. S haffdcts of Bigresdgitidncan be seen in the number of states
that have adopted energy efficiency resource standards or goals as sh&iguime2. As seen in the

figure, twenty states hae alreadyadoptedsome sort of standard or goal, and more are in the process.
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Figure2. Map of States with Energy Efficiency Resource Standards and GB$RE USA, 2012)

Butin the commercial building sectarhere is the energy savings through energy efficiency going
to come from?Although it only accounts for 13.6% of building consumption vs 42.1% for space
conditioning,lighting retrofitscurrently account for a vast majority of theommercial building stock
energysavings through efficiendgnprovements This is because they are the lowest hanging fruit
terms of upfront cost, ease of installation and relatively short payback pegitidough lighting retrofits
will still dominate energy efficiency program savings in the near futude @and standard changes
requiring more efficient lighting than in the pasatre having a significant impaditilities will eventually
need to lookto other technologies to get their required savings towards their energy efficiency resource
standard goals.

One of today's largest areas for potential energyisgsafter lighting retrofitsin existing
commercial andndustrial buildings isnotor measures. Feexample, in Pennsylvania, an energy
efficiency potential stud§GDS Associates, Inc and Nexant, 28h@yved that while lighting still
accounts for 40.3% of achievable program potential savings by 2018, motor measures wag a st
second showing a potential of 23.6% of achievable program savings. This includes replacement of low
efficiency motors with premium efficiency motoesdalso includesnstallation ofadjustablespeed

drives ASD) formotor applications. Many energyffeciency and demand side management (EE/DSM)
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programs across the country include incentives for installatioASId measures in their program
offerings.Although current participatiomn ASD measuress relatively small compared to lighting

retrofits, paticipation is growing and is expected to grow even more in the future as lighting savings and
incentives are reduced due to the coded standard changes.

For EE/DSM programs, as measures grow in their overall imjigastenportant to have reliable
savings estimates to ensure ratepayer money is being spent wisely and to verify whether programs are
meeting theircompliancegoals with real energy savings. In light of the growing EE/DSM program
offerings forASD measures, it is worth reviewing the savingtingation methodologies currently being
used across the country to determine their reliability and investigate whether changes or updates are
warranted.Although there is similarity among the program offerings, the savings estimation
methodologiesused forASD measuregften vary significantlypy ASD measure type, arftbm state-to-
state, andprogramto-program

ForASD installations on industrial process motahsiost all programs require custom calculations
for each measure due to the high uncertainty and variability between projébis.generally leads to
fairly reliable savings estimates.

ForASD installations on HVAC fan and pump momoasiy EE/DSMrograms use a simplified
savings estimation methodhich is applied to all projects within certain parameteé@eme jurisdictions
use a very simplified approach using a single deemed saestgnate (kWh per horsepower), a few
jurisdictions require usefdourly energy simulation models for every building applicatimn most
programsuse methods that fall somewhere in between these two extremes, using a partially deemed
algorithm with default hours of usey building type andASD application type, anddeemedsavings
factor for each application typé&ach method has their advantages and disadvantages, with custom
simulations for each project being the most reliable, but most costly to implement. The single deemed
savings estimate using kWh per horsepovgthe least costly to implement, but is also the least
reliable. The methods in between these two try to strike a balance between reliability and cost.

Many states continue to grapple with how to best estimate savingd$® applications. As more
andmore states implement EE/DSM programs the challenge of reliably estimating saviA§®for
applications using simple methodologies continues to gibls papereviewsthe methodologies used
to estimate savings foASD installations on HVAC fans and pumipgh do not require a custom energy

simulation for each project.
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1.2 Project Objectives

Thevarious savings estimation methodologfes ASD installations in HVAC applicatioised for
EE/DSM program implementation across the couoffgr opportunity for irvestigation to determine
whichsavings estimation methoid the most reliable for usen a macro scaleor if a new method is
needed

The projeciobjectives werdo determine whether there is an existimgliable, yet simple, measure
savings estimation nteodology to estimate savings f&SD installations on HVAC applicatitmst can
be recommended for states and utilities to follow for implementk$D measures in EE/DSM programs,
or if a more robust methodology is warrantddit is determined that there is notraexisting protocol
that could be recommended, the project will develop a new protocol and validate whether it can be
recommended over existing protocols.

The final objective is to make a recommendation for EE/D&gram stakeholders as to how ASD

measure savings should be estimated.

1.3 Report Organization

The report is organized as followBhapterl provides the rational for whthis study was
undertaken.Chapter Zescribes how ASDs work and save ene@dppter Jetails how EE/DSM
programs used Technical Reference Manuals (TRMs) to estimate measure savings, provides a literature
review of the topic, and describes 13 different TRM savings protocols that are used to estimate savings
from ASD installationand which were reviewed for this proje@hapterd describes how case studies
were selected, how the TRMs were used, and how EnergyPlus models were devElbaptrs goes
into detail on each case study, the results from the TRM savings estimates and the EnergyPlus modeling.
Chapter6 compares the results from all the TRM protocols and EnergyPlus models for each case study.
Chapter7 develops a new sawjs estimation protocol whil€hapter8 uses that protocol to estimate
savings for all the case studies to validate the protaCbkapter9 provides final recommendations and

conclusions and includes suggestions for future work.
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Chapter 2

2 HVAC Fan and Pump Motors

Motors account for a significant portion of the energy consumptibbuilding HVAC systems. In
HVAC systems, motors drive chillers, compressors, fans and pumps which are used for meeting both
cooling and heating loads of the buildings they serve. Magttinginstalled motors in HVAC systems
are single speed motors thatin at a constant full speed all the time regardless of the actual load on the
system. When the load is constant and the motor is well matched to it this is not a problem and energy
is not wasted. However, when the load on the motor varies throughoutthe week, month or year,

running the motor at a constant full speed can be a significant waste of energy.

2.1 Fan Affinity Laws

Focusing on fan motors, the potential energy that can be saved is related to the fan affinity laws
(ASHRE, 2012)hrough the reduction of rotational speed.

5 00 5 00 YO O a
0 "00 0 "0 v
YO O
VI Qi i ol "1 Qi i ol Qee—s——F—F— (2]
YO O
P v YOO
D€V QI D&V QI —_— (3]
Yo L

The result of these fan laws is that a slight reduction in CFM through lower fan speed results in a
significantreduction in power needed to drive the fan. This can yield significant savings ovediadase
constant volume system or an existing VAV sydbgrinstalling an adjustabl&SD The above
relationships are ideal. In practice the power relationship to redurcin speed is less than three. There
is not an agreed upon power factor, butanyreferences use pwer factors of around 20to 2.7 as

reasonable estimat(Consortium for Energy Efficiency (CEE), 2011)

2.2 Pump Affinity Laws
Similar to the fan affinity lawshere are also pump affinity laW&SHRAE, 201&hich can be used

to understand thepotential energy that can be saved through the reductiopwip rotational speed.
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As with the fan laws, the pump laws show that a small reduction in pump rotational speed can result
in a large reduction in power needed to drive the pump. For systems that do not need to run at full
capacity all the timeignificant energy savings can be achieved by reducing the mpe@d through

installation of an ASD

2.3 Variable Flow Systems

Variablevolume/variableflow HVAC systems try to take advantage of the first two affinity laws. In
fan systemsadijustingair volumecan be accomplished many ways thus saving energyfancan be
allowedto ride its system curvasvariable air volume\(AV) boxes are opened and closamserve the
space conditioning load3he flowand pressure can be further adjusted by means of outlet dampers,
inlet dampers, or inlet guide vanes at the fan itself, tobangngthe CFM and pressuind saving
energy. In pump systemagjusting the flow withthrottling valves changes the GPM and Heius
saving energy as well

These methods can saggnificantamounts of energyas compared to a constant volume/flow
baseline systerbut by changing the speed of the fan or purapenmore energy could be saved.
Motor speed control devices can be as® do just that(Lawrence Berkeley National Laboratory, and
Resource Dynamics Corporation, 2qQawrence Berkeley National Laboratory, Resource Dynamics

Corporation, and Alliance to Save Energy,600

2.3.1 Motor Speed Control Devices
Motor speed control devicegsed to control the speed of a motor through a continuous range.
There are many forms aohotor speed control devicaacluding mechanical or hydraulic controlleasd
I { 51085 Q& | NXentwnhanMdgchahi€aF ok [ydraulic controllers and have mostly replaced the
others except in certain applications.
aSOKEYAOLE FyR | 8RNI dA A0 O2y(iNRf RSOAOSA R2yQl |
the speed for the applied loadilechanical ontrollers include devices such as adjustable belts and
pulleys, gears, throttling valves, fan dampers and magnetic clutches. Hydraulic controllers include

hydrault clutches and fluid coupling®ntario Hydro, 1997)
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the mechanical or hydraulic controls.{ 5 Q& dleytOrficAfRnbtor variable frequendajrives (VFD),
AC motor variableoltage controllers, eddy currertutches switched reluctance drives, vector drives,
wound-rotor motor controllers, cycloconverterandDC motor controller¢Ontario Hydro, 1997Rouse,
2009)

2.3.2 Variable Frequency Drives

Tounderstand the efficiency a fan is operating at, one needs to plot the fan curve an overlay the
system curve to identify the operating point. There are several forms of fan curves, but generally the
curves used plot percent of pressure against percenkoof fate. The system curve shows the pressure
and flow relationship of the entire duct system at a given location, including the effects of the ducts,
dampers, filters, etc. It basically shows the pressure requirements to overcome system losses to produce
flow. In other words, how much pressure the fan must overcomi@dace flow in the system.
(Stebbins, 1994)

The use of outlet dampers and inlet dampers essentially changes the system curve as the dampers
are opened and closetut do not change the fan curv&hese changes affect the system curve by
increasing or decreasing resistance to air flewergy is saved because changing the system curve

changes the operating point on the fan cutigeeFigure3). (Stebbins, 1994)
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Figure3. Outlet damper affecion system curves(Cassidy & Stack, 198§Btebbins, 1994)

Inlet guide vanes instead save energy by altering the fan curve itself by affecting the incoming

airflow as it enters the fan rather than altering the system cuseeFigured). Affecting the flow
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coming into the fan changes the fan characteristics, thus changing the fan bueteguide vanes are

generally more efficient than outlet dampers or inlet dampé&tebbins, 1994)

% PRESSURE

T 1. !
120 140 160

Figured. Inlet guide vane affect on fan curvegCassidy & Stack, 198&ptebbins, 1994)

1{5Qa Oly &al @S  erdniperSoyibletguile varies bgcaSé ritier than changing
the system curve, or the fan curviey are able to operate the faat different speeds. This maintains
the fanat roughly the same efficiency point on its fan curve whlsmaintaining the gstem curve
(seeFigureb). The main difference is that it is operating at a different speed. This allows the designers
G2 2LWGAYAT S GKS FI yiDal SR TRIOS Sydai SYISANT NN LRV S
the full operational range.
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Figure5. ASD maintains fan efficiency operating poif€assidy & Stack, 198&Btebbins,1994)
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reductionreflected in the fan affinity lawsyhere the power is proportional to the cube of the speed.
Thisis a theoretical relationship and would hdlde if the efficiencies of each component held constant
throughout the operating range and there was no minimum system requirements. This is not reality
though, and the relationship in practice is somewhat less than a cube relationship as discussed in
Section 2.1above.Figure6 shows the effect on the system curve with a 308tk pressure. This is the
minimum pressure required for the fan to overcome just to induce flow. This has a significant impact on
the theoretical cubed relationship and brings it closer to a squared relationship. This is generally the
case for systems i static back pressure. Systems with minimal static back pressure, such as cooling
tower fans or domed roof vent fans are able to operate closer to the cubed law. These differences

should be taken into account when estimating savings from ASD instafigt®iabbins, 1994)

1204 70 N e WITH 30% BACK
4 PRESSURE
100 1+ -----—zz-----—--———-~ WITH ND BACK
i : PRE SSURE
|
80 :
— |
R 60 o SEEER T o |
i
'5.‘;" -1 ,” ! :
o - 1 !
o 404 Saemt oo ' !
- | |
i i I |
)
20 - r | :
I I I
- 1 )
] ¢
l 1
A B B B S S B S B SN NS Mg e s e e |
200 40 60 BO 100 120 140 160
L FLOW

Figure6. System curve effects due to system efficienci€Stebbins, 1994)
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choice for most commercial HVAC fan and pump applications. VFDs control motor speed through use of
power conversion. Power comes into the drive at a constant 60 Hz and flows through a rectifier which
converts the AC power to DCwer. The DC power then flows through an inverter which switches the
DC power on and off to simulate AC power at the desired frequandyoltage. The inverters are

generally of three basic types. The first type includes a variable voltage inverter ifd\a sgquarevave
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sixstep voltage source inverter (VSI). The second type is a current source inverter (CSI). The third type is
a pulse width modulated inverter (PWMPntario Hydro, 1997)

The PWM VFD is the most common in Hep@ications as it offers several advantages over the
other types. The primary benefits are that they produce better waveforms than the alternatives,
resulting in smoother motor operation at all speeds and less filtering requirements. They are, however,
the most expensive of the three main VFD tyf@atario Hydro, 1997)

Although much energy can be saved through installation of a VFD on HVAC fans and pumps, the
energy savings do not necessarily translate into significant demethattions as well. In some cases,
installation of a VFD can increase peak demaachusethe efficiency of the VFD itself at maximum load
reduces the overall efficiency of the system. VFD efficiency at full load rated output power is typically
between 944 to 97%, between 91% to 96% at 50% power, between 83% and 93% at 20% power, and
between 72% and 87% at 10% powviérukowski & Wray, 2013Below 10% power VFD efficegndrops
substantially. Lower horsepower rated drives tande less efficient than larger drives, but this can
vary by manufacturer.

9SSy gAUK (KS NBRIZOSR STFAOASYOASaA U t26SN) LIR26S
significant amounts of energy at lower speed due to the cubed relationship ofoverto speed per
the affinity laws.

Care must be taken when choosing to install a VFD on a motor as not all applications will be
appropriate. There must be an opportunity for reduced speed over the existing conditions to save
energy. Applications witkarying loads generally present the greatest opportunity for savings.
Applications where the load is constant, but the existing motor is just oversized will typically see greater
savings by replacing the motor with a more appropriately sized motor thanstglling a VFD.

The motor type should also be considered as not all motors and applications are suitable for the
installation of a VFD. VFDs can cause significant harmonics and if not properly considered and designed
for, this can drastically reduce thigetime of the motor, thus negating any savings the VFD instatiati
may have otherwise achieved.

Also, some motors are not designed to handle the increased heat that occurs when controlled with a
VFD. Motor cooling systems are generally rated for fudesipoperation and as the motor speed is
reduced, so is the ability of the motor to dissipate h&dtis can lead to premature degradation of the
insulation. Motors should be checked to confirm they have insulation levels capable of handling a VFD

before adecision is made to install the VFD.
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There are too many considerations that must be made when choosing to install a VFD on a motor
application to list here. Many books are devoted to this topic alone. More detailed information can be
found in the Nationa@ f SOGNA Ol f al ydzFlI OGdzNBNE ! 3420A1 GA2Y 6Db9.
F2NJ !/ 1 R2dzadl 0tS {LISSR 5NAGS { BeieSy&Kreitzerd2001) NA T SR
When carefully planned and designed, instadin of a VFD on an HVAC fan or pump can save
significant energy, even as much as 70% or greater, although more commonly in the 35% to 65% range.
Because of this they can have very short payback periods (often less than a year) and should be
considered aan energy efficiency measure for many building managers/owners.
The rest of this paper focuses on potential energy savings associated with installation of a VFD on

commercial HVAC fan applications.

2.4 Baseline System Options
The savings that can be achieuadinstalling a VFD on an HVAC fan motor depends significantly on
what the baseline system was prior to the VFD installattorergy savings estimates must include both

the physical component options as well as the various control options.

2.4.1 Baseline Components

There are several possibilities including constant volume (CV) sysiiémreheat, VAV system
with discharge dampers allowirige constant speedan to ride the fan curve, VAV systeswith outlet
damper controls, VAV systawith inlet damper contrdd, VAV systeswith inlet guide van€IGV)
controls, or VAV systeswith eddy current clutches. As most energy efficiency programs do not include
prescriptive savings for eddy current clutclves will focus here on saviadrom the other alternatives

Within these various system typdbere are still significantnergysavinggotential differences
depending on the fan type used with each system. For example, does the system use an axial fan or a
centrifugal fan, if a centrifugal fan is it a forwerdrved (FChlade, radiablade, radiatip, backward
inclined(Bl)flat, backwardinclined curved, or backwasaclined airfoil AF/BljLawrence Berkeley
National Laboratory, and Resource Dynamics Corporation, 2008) axiafan, is it tubeaxial or
vaneaxial? Does it have controllable pitch bladéa@h of these options can have significant
ramifications on energy savingstential due to baselinefficiercy differences.

For example, a baseline VAV system which uses inle¢ gaiges on a centrifugal fan witbrward
curved blades may not see much energy savings by installing a VFD because they are already fairly

efficient. There may be some savings, but greater care should be put into the szalicigjationgo
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ensure a relible estimate of simple payback period or life cycle ctsisstify the cost of installing a
VFD On the other hand, there amill significantsavings opportunitieor installing a VFD on a baseline
VAV system withGVcontrols on a centrifugal fan witBlblades, whether flat, curved or airfoil
(Bonneville Power Administration)

There are several other considerations that may also affect potentaiggrsavings. Is the fan
direct, gearor belt driven? Is the fan oversider right sized? Where does the fan operate on its fan
curve? Is the ductwork designed properly to allow the most efficient use of the fan, or is it poorly
designed such that adding a VFD will not be useful? Is the motor oversized or right sized? What
efficiency is the motorWhat speed does the motor run: 1200, 1800 or 3600 RPM? Is the motor open
drip proof (ODP), totally enclosed fan cooled (TEFC), or other?

2.4.2 Baseline Controls

There are also many control options that can have a significant impact aratliegs potential.
Although installation of a VFD by itself can save energy, when coupled with improved control strategies
there can be even more significant benefits. But it is often difficult to separate out the savings between
the VFD itself and the ctrols.

Some of the controls that should be considered incli¥dat pressure is the system set at? Is there
a static pressure setpoint at which the system tries to maintain itself? Whastyfpgy/stem controls are
used? Does the system have to maintaimi@aimum system pressure just to open downstream dampers
that will affect the minimum fan speed? Will there be power quality issues by installation of a VFD? Are
there multiple fans or just a single fan?

Murphy (Murphy, 2008highlights a few specific energy saving control strategies that are often
SYLX 28SR ¢gA0GK +C5 a2adsSvyao ahLIAYIlf {-imeakhe { (2 LI

Q)¢

beginning and end of daily occupancy periods. With this strategy, a buddiiognaion system (BAS)
monitors how long each zone takes to cool down and warm up (cooling mode, opposite for heating
mode) depending on the outside temperature, and waits as long as possible in the morning to start the
system. Atthe end of day ittakesadver@@ S 2 F 2 00dzZLJ yiaQ G2t SNIyOS 27 |
to turn the system down before occupants leave. These hatlrease energy savings from a VFD system
by reducing theun-time of the systems to the minimum possible.
GCILINBaAadzNE 2LIGAYAT FGA2YE Y2yAlG2NR GKS YAYAYdzy LI
GSNXYAYlFIfa IyR FRe2dzalda GKS aeaidsSy ail (afetsthdNS & & dzNBS
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energy consumption of a VFD systembloygng the fan part lad curve closer to the ideal cube
relationship than if a static pressure setpoint is used.

G { dzkdicdh 8 Y LIS NI (0 imdv@sedtBezcéiing supphyjr-temperature based on outside air
temperature to increase use of an economizer, thus reducing thieckold. This can negatively affect
the energy savings of a VFD installation because more air flow is required to cool the space due to the
higher supply temperature. When appropriate this control strategy can save more chiller energy than
the associatedncrease in fan energy, but not in all cases.

+SY At GA2Y 2LIAYAT FAARYNHIAIATRA @S WRRIEAGT MRYSEY | R/ +
lead to additional savings with a VFD installation, or if already employed can reduce the expected
savings if noaiccounted for. The strategies for DCV include CO2 sensors installed in high density
occupancy areas, occupancy sensors installed in lowered density occupancy areas with variable
schedules, and timef-day scheduling can be used in predictable occupanegsar

Because of the energy savings differenats onlysubtle differences in system configuration (of
which the customer may be unaware), it is especially important for the system retrofit designer and the
program implementer (who pays incentives fortalbng VFDs) to take care in fully understanding the
existing system configuration before estimating savings. It is also important for the independent
evaluator of such a project to understand the nuances of the systems and how they affect energy

savings.

2.4.3 Fan Part Load Curves
A primary way to understand the energy savings differences is to compare the fan part load ratio
(PLR) curves (also referred to as power ratio curves) of each system. These part load power curves are
typically based o third order plynomial equatiorsuch as the following
0O0Y & ® O® OO0 Q 00 [7
Where:
0 0 'Y Part Load Ratio; ratio of fan power at part load conditions to full load fan power

"0"0 Flow Fraction; ratio of cfm at part load to full load cfm

T~

chutudo € 'Q  constants; fan coefficients for regression equation for fan given configuration
type
To model various fan control types, EnergyPlus and other simulation software geneeadiyals

curves.There is not a standard set of curves for simulations or energy calculations, however, and it
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therefore requires some judgment as to which is the most appropriate to use. Several fan part load

curves are shown iRigure?7 with corresponding coefficients ifiablel.

Fan Part Load Curves
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Figure7. Fan Part Load Curves for Various Configurations.
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Tablel. Fan Part Load Ratio Regression Coefficie(@B®nneville Power Administration)Ernest Orlando Lawrence
Berkeley Mtional Laboratory (LBNL), 2013Wray & Matson, 2003)

Fan Control Type

Regression Coefficient

b

c

Discharge Dampers (LBNL) 0.37073425 0.97250253 -0.34240761 0
Outlet Damper, Bl & Airfoil Fans (BPA)| 0.5592857 -0.56905 2.462 -1.4
Inlet Damper Box (BPA) 0.5025833 0.71648 -1.452 1.3
Inlet Guide Vane, Bl & Airfoil Fans (BP) 0.472619 0.67944 -1.554 1.4
Inlet Vane Dampers (LBNL) 0.35071223 0.30850535 -0.54137364] 0.87198823
Outlet Damper, FC Fans (BPA) 0.2041905 0.10983 0.745 0
Eddy Current Drives (BPA) 0.1639683 -0.05647 1.237 -0.3
Inlet Guide Vane, FC Fans (BPA) 0.2 0.06808 -0.128 0.9
VFD (LBNL) 0.001530245 0.005208057 1.1086242( -0.11635563
VED (BPA) 0.059 -0.19567 0.766 0.4
VED (CA Title 24) (WrayMatson) 0.1021 -0.1177 0.2647 0.76
E+ Prototype VAV w/ VFED (LBNL) 0.040759894 0.08804497| -0.07292612 0.943739823

For more clarityFigure8 compareghe fan part load curves for systems with discharge dampers and

outlet dampers for easier viewing. As can be sé&@gentrifugal fans with outlet dampers have

significantly lower Pk Q & siimKak sy'stems witlBlor AFblades. When calculating savings it is

important to identify which type of fan blade the system has.
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Figure8. Fan Part Load Curves wi@utlet or Discharge Dampers.

Figure9 shows the curves for systems with inlet dampers®Ys Similar to the curves for outlet
dampers, the systems willsVsonFCF | ya KI @S aA3AYyATFAOI yUBIGAFE 2 6 SNJ t [ w(

blades.
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Part load curves for ASD systems are showfigarel0d ¢ KSNBE I NBE aS@SNI f Odz2NBS
however, they are all quite similar. The main difference occurs below a part load flow fraction (FF) of
30% Below this fractiothe LBNL model continues to a minimum PLR of Osdgesting an idealized
relationship based on the affinity laws. This is possibly appropriate for low pressure applications such as
cooling tower fans or domed vent fa(Stebbins, 1994)The CA Title 24/Wray and Matson model les/el
out at roughly 10% PL.Rhich reflects a recognition of minimum static pressure requirements more in
line with actual field conditionswith the others in between. This can have a significant impact on overall
estimated savings if a significant fraction of the fan run hoursatew 30% FF. Because there are
always friction losses that the motor must overcome just to maintain its minimum speed, the LBNL
model likely underestimates the PLR in this rangkereas the CA Title 24/Wray and Matson model is
more realistic. Because tifese reasons the analysis and modeling for this report will use the CA Title

24/Wray and Matson VFD model as a slightly more conservative estimate rather than the others.

ASD Fan Part Load Curves

1.0 - f,
—— Eddy Current Drives (BPA
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FigurelO. Fan Part Load Curves wiks.

There are sigjficant differences in the energy savings potential of a VFD project depending on what
the actual baseline is. When estimating potential energy savings from a VFD project it is important that

the correct baseline curve is used.
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Chapter 3

3 Energy Efficiency and Demand Side Management Programs

To achieve energy savings through efficiency improvements, the most common tactic states have
taken is to adopenergyefficiency portfolio standards (EERThese standards generally set specific
savings goals for lities to achieve through EE/DSM program offerings. Programs are typically
differentiated by ratepayer sectors such as residential, commercial, industrial, government, etc. Some
programs are separated further by technology type or by rebate type sucheasrjptive measures and
custom measures.

Custom measures are offered incentives based on a fixed incentive per kWh or kW saved.
Prescriptive measures are commonly offered fixed incentives per unit instellegie unitsrelates to
the type of measureForexample, a program could offer a fixed incentive per installed ENERGY STAR
refrigerator independent of actual energy saved, or a fixed incentive per light fixture meeting a certain
criteria. Some programs offer incentives ¥ Dinstallations on HVAC faror pumps based on a fixed
incentive per HP controlled, émcentive per kWh saved using a fixed formula for the kwWh saved. Other
programs offer incentives based on a percent of incremental cost of FBeifstallation. Still others may
offer a fixed incative for different motor size categories such as an incentive Fs\on motors 5

HP, another for 8.0 HP, another for 220 HP, etc.

3.1 Ex Ante Savings versus Ex Post Savings Estimates

Regardless of how the incentive is paid, the programs must alway&pran estimate of the
energy savings for each measure incented. To do this, many jurisdictions use a standard document
which specifies a methodology which must be used by the program implementers to estimate savings by
measure type. These documents takany forms, but the most common is to use a Technical Reference
Manual (TRMpr its equivalent¢ KSa S al @Ay 3a SadAYl (Sacldimed dzaSR | &
Al @gAy3a G261 NRa (GKS AYLX SYSYGSNBRQ YIFIYyRFGSR al gay3

'""EEPSO wi ll b e u s e dagéenbral efergnicectaial lediskatiors requlatiprerequiransents, or
utility decisions which result in the requirement for a given entity to develop portfolios of energy efficiency

programs within the applicable jurisdiction in order to meet set energgradethand reduction compliance targets.
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An independent evaluator typicgléelectsa statistically validandomsample of project$or the
programyeafi 2 GSNATF& &l Ay I& KwriRed)SaiNgS estiizlaless Theéiritio of SE  LI2 & (i ¢
projectex post savings tprojectex ante savings is called the project realizatiate. The sampled
realization rates are combined using statistical methods to determine a program level realization rate.
The program level ex ante savings are then multiplied by the program level realization rate to determine
overall verified savings faompliance.
For several jurisdictions the savings are verified using the TRM, thus it is important that the TRM
protocols produce savings estimates that are reliable predictors of average program savings for each

measure type.

3.2 Technical Reference Manuals

[ThisSectior3.2is reprinted froma previouslypublished pape2 ¥ (i K S (Del®ald & Sdabmer,
2013)

A TRM, as related to ergy efficiency programs or their equivalent, is a manual that speeifies
standardized methodology for implementers to estimate and clsavinggenergy, demand, fuel,
water, greenhouse gases, ettoy many commonmass marketedgnergy efficiency meases.They are
also sometimes used by evaluators as the yardstick against which the implementers will be judged. For
jurisdictions with multiple implementers offering the same measure, this ensures all parties are claiming
savings for the measures in a demimanner, and sometimes using the same deemed savings estimate.

In jurisdictions without a TRM, it is typical for each implementer offering an energy efficiency
program to claim measure savings using their own methodology and estimates. This comraah$y re
in each program claiming a different savings for a given measure, even though there may be no
indication of actual differences between the program offerings and measure savings. A TRM reduces this
AyO2yaraiaSyOe o0& LINPRJARSYESRE NSHLBBWEDY (B IGIAES 2 NISANG |
savings algorithm for each measure in the TRM to be used by all implementers.

¢twaa dzadz £t & AyIriSdzRaSIZNSTadz fyeR Rih@easdiéisbut erely RSSYSR €
include protocols for custom measures. Different terminology may be used in various jurisdictions, but
Ay 3ASYSNItxX aFfdzZd e RSSYSReé NBFSNE G2 YSIadaNBa F2N.

provided in the TRM to be used matter what the actual customer conditions are. No customer

’Sometimes referred to as fAdeemed, o fiprescriptive, o fAst

!Sometimes refeeemddideamadspmégandcpti ve, 0

Page| 20



specific inputs are required to claim savings. For example, some TRMs provide a single deemed savings
estimate for all recycled refrigerators regardless of size, location, age, configuratofudlyy deemed
measure protocols work best for large scale mass market measures where there is strong empirical data
to derive an estimate for average savings for the population, or measures with conditions of installation
that rarely fluctuate significaty from a known value. The advantage of fully deemed measures is that
they enable very cost effective implementation due to their simplicity. Their disadvantage is that if the
population of participants is relatively small, the participating populatiomsuee consumption differs

in some way from the assumptions, or there is limited reliable data to support the savings estimates,
then the deemed savings estimates may be inaccurate and unreliable. They also generally are not
reliable predictors of savingsifan individual customer.

Gt P NIAFfte RSSYSRé YSI adaNBa NE a2YSHKSNBE 0SiG6S¢
measures which vary significantly in their installation characteristics, the TRM may use a standard
GRSSYSR¢ al gAay3a IfullyBieemdd$aiNgs Wiludl hé pidtodoKnhay include some
GRSSYSR¢ OINAIFofSa 6KAOK Ydzad 0SS dzaSR o6& AYLX SYSy
have default values for each jurisdiction or measure characteristic, but which may use custoniés spec
inputs in place of the defaults if known. Some variables may not include a default value at all, but
instead the implementer is required to obtain customer specific data. These measures are not
appropriate to be fully deemed because the true savihgstfiate widely from customer to customer
and a representative average is difficult to determine. Examples include commercial and residential
HVAC measures, narsidential lighting projects, variable speed drives, etc.

Custom measures are on the other enfthe spectrum from fully deemed measures. They are
generally one of a kind measures for a given customer, and/or so complicated or rare that average
savings estimates cannot be reliably derived. Examples of custom measures include modifications to a
unique industrial process, a large chiller plant upgrade with multiple chillers and complicated control
sequences which does not fit common TRM measure parameters, or installation of a newer technology
that has not yet been evaluated as part of an energygiefficy program. Custom measures generally
require project specific savings estimates to be derived once the project details are known. Custom
measures are more complicated to implement than fully deemed or partially deemed measures, and
therefore, many impementers prefer to include as many measures as possible in a TRM as fully or
partially deemed.

Due to the unique needs of each jurisdiction implementing energy efficiency programs across North

Americathere isa diversity of approaches to naming, devatgp using and maintaining each
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AEARAOGA2Z2Y Qad SIKILAID | Af &S yAi2 y25FA RSNIBARa | aYSIE adz2NB al @A
SNY¥SR I aYSI&adz2NE &adzoadlyldxXl adzFg¥i REPBNByaral ¥y BHaAR
GYSI adaNE E5SHYF Ay2¢Sad | y2iaKSND

twaQa KIS 0SSy RS@St 2 LIS Rlonktgkt dgdungedts, Fighdilldha A y Of dzR A y
spreadsheets, downloadable programs, wadised applications, and any combination of these. The
most common format is text document with or wihout supporting spreadsheethowever, several
jurisdictions maintain databases of energy efficiency measure savings which contain similar content and
serve a similar purpose as a TRM, but are not called a TRM. As an eX@atifileniahas an extensive
database of deemed measure savitigied the California Database for Energy Efficiency Resources
(California Public Utility Commission, 20Ifhipre commonly known as tHeEERThis database has
been developed overtime throughgnificant research, metering studies, and evaluations. The Michigan
Energy Measures Database (MEMmMprgan Marketing Partners, 2013)another tool that is similar in
purpose and function as a TRM, but which resides in aldese rather than a text document. TRacific
Northwest Electric Power and Conservation Planning Council's Regional TechnicalFFbr)mses
multiple documents together which collectively serve a purpose similar to a TRM. The RTF has
established four dierent savings estimation methods which can be used for energy efficiency
measures, two of which KSy O2Y0AYSR 62dzZ R 0SS AAYATINI (2 | ¢wa
a{dF yRINR t NXERegoo® TeéhnicalFars®@, 2012)The US Department of Energy
funded Uniform Methods Project (UMY ational Renewable Energy Laboratory (NREL) and The
Cadmus Group, Inc, 201R)a |y I (i G S Yalskt of in@del Rrétat @< fa didterimining engrg
and demand savings that result from specific eneatficiency measures or progra&he vision is that
the UMP protocols will serve generally accepted industry standard framewtinkt can be
incorporatedinto a TRM and modified as needed.

Regardlessf the terminology used, at a minimum they all include protocols to estimate savings for
measures which are incented in energy efficiency programs. This typically includes residential-and non
residential electric energy efficiency measures which are itgckeim a prescriptive manne®me TRMs
also include gas and other fuel energy efficiency measures, and even custom measure savings protocols.

The type of measures (electric, gas, other) includegbirerallypased on theneeds andscope of the
applicableEEP®r equivalent legislation.

Whateverthe format, the content within each measuprotocolincludes at a minimunthe
methodology for estimating energy savings, whethes ifromelectricity, fuel, or both. This may be in

the form of afully or partialy deemed savings estimate, and in a few cases custom measure protocols
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The protocoimay include a methodology for estimating electric pekgmand savings, water savings,
measure lifetimes, required/allowable incentive levels, incremental measureasasinptions total
resource cost (TRC) estimates, @mdany other information thestakeholders establish as appropriate
for their jurisdiction Some TRMs include measurement and verification (M&V) requirements in addition
to the savings estimates. The scapfdhe TRM measure protocols will be based on the needs of the
stakeholdergleveloping the TRM.

Due to the varied nature of their development and purposes, some TeRdpiite complete and
thorough in their documentationThese standalone TRMs include canmnerosscutting assumptions,
the purposeof the TRMandits properapplicationwithin the TRM document itself, in addition to the
measure protocols. Some jurisdictions maintain several documents which collectively serve as a TRM,
with each document focugkon a specific measure or providing specific guidance on the use or

development of themeasure protocols

3.3 Literature Review

Section3.4below discusses the methottigies used in each publically available TRM identified for
this study.As far as the author is aware, there are no research papers comparing the different savings
methodologies used in the TRMs across the country. Further, #reneo studies investigatg the
reliability of the various TRM methodologies against the verified satdmgeal case studieS here are
many annual energy efficiency program evaluation reports available which compare the verified savings
for one program against the verified savings for a sample of projects within that program, but often
those evaluations use the same methodol@g/the TRM to derive the verified savings. This does not
provide a realistic check on the TRM methodology, but rather only provides a look at whether the
implementers were correctly using the TRM.

Further, there are very few programs which include ongentives for VFD measures, thus the
evaluations typically include sampled projects from all of the available measures offered. This prevents
one from being able to derive VFD specific findings from the reports.

While there are several research papers stigating the savings associated with installation of
VFDs in industrial applications or on pump motors, there are relatively few looking specifically at HVAC
fan installations in commercial buildings. The following-sebttions summarize the findings of a

literature review on this topic.
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3.3.1 Overview

Although focused primarily on the industrial sector, Sai{@aidur, A review on electrical motors
energy use and energy savings, 20di@vides a good literature review on motor usetBopportunities
for energy savings in industrial applications. As the paper is focused primarily on energy efficient motors
and their savings, it does not extensively cover the aspects of installing VFDs. The review does briefly
cover the installation 0/FDs on motors in HVAC applications, but does not go into much discussion on
calculating energy savings from their installation.

Several of the authors referenced in the paper exmdithe significant opportunity for savings
associated with replacing iffecient motors with efficient motors, and reported that most motors do
not operate at full load. There were conflicting studies on the operating points of most motors. One
author suggested that most motors in buildings and industrial facilities operatdastd factor between
50 percentto 70 percent Another author wrote that 7percentof motors in industrial facilities operate
at load factors less than Gercent In a separate U.S. Department of Energy document, the load factor
is assumed to be Gdercentfor calculations unless otherwise knoflrawrence Berkeley National
Laboratory, and Resource Dynamics Corporation, 20083 is significant because motors are most
efficient when they are at roughly ffercentload facta or greater. Motor efficiency and power factors
drop significantly at less than $@rcentof full load. Because most motors are operating at such low
load factors there is much potential for energy savings when installing a VFD.

Saidur also referenced geral studies in which savings from VFD installations were estimated. One
author estimated savings from a VFD installation on a hospital pumping swétersimple calculations
using the fan affinity laws, but did not compare those to actual salogsnberg, 2007)The paper
looked at potential savings only, and did not compare the calculated estimates to those from an actual
installation.

Anotherstudylooked at savings from VFDs in a metal plating facbity did not desdbe how those
savings were calculatggsalitsky & Worrell, 2008)

A third studylooked at VFD installations in the pumping of machine coolant in an engine plant.
Savings were calculated using metering output from an energyagement system (EMS) rather than
usingan algorithmbased approackPrice & Ross, 1989)

A fourth study looked at savings from installation of variable speed chiller plarttss study,
computer simulation modeling was used to estimate savings with the model based on the fan and pump
affinity laws using a cubic relationshipu & Chan, 2009 he paper did not, however, compare the

computer sinulation estimates to actual metered savings from an actual installation.
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Yet anotherstudypresented savings from installing VFDs in selected induskiesgy savings were
SatdAYIFIGSR dzaAyYy3 I RSSYSR al gay3a LiemyyeSigeacy SaGA YL 0S
program(Saidur, et al., 2009)

Teitel et al(Teitel, et al., 2008)erformed an experiment to estimate energy savings from the
retrofit of poultry house ventilation fans with a VFDwo identical poultry houses were metered using
an ONOFF fan operation in one of the poultry houses, and using a fan controlled by a VFD for the other
poultry house. Metered energy consumption was compared to show energy savings from the VFD. No
model a algorithm was used or developed however.

None of the studies listed investigated different savings methodologies for installing VFDs in
commercial office HVAC applications as is the focus of this réportdid they compare different
savings estimatiomethodologies to other methods, or compare metered savings results to predicted

estimates.The author was not able to find any studies which did such a comparison.

3.3.2 Case StudyPaper Reviews

Some of the reviewed papers did include case study comparisorearirpaper reported the on
the consideration of installing a VFD on an new industrial plant process cooling tower fan motors as
compared to installing a constant volume f@assidy & Stack, 198®&)Iso considered were outlet
damper controls and inlet guide vane controls. Calculations were performed using the simple fan affinity
laws and a cubed relationship. More robust analyses and evaluations performed since 1988 have shown
the cubic relationship to overstate realized sawmye to efficiency losses.

A study was reported on in 2002 which compared the economics of various cooling tower capacity
control methodologiegStout Jr. & Leach, 2002)his study focused on the overall cooling tower
efficiency changes based on water temperature and flow control rather than on different methodologies
to estimate fan motor savings from a VFD installation. Comparisons were made between different
control strategies with each analyzed using a single speed fanspeed fan, and a variable speed fan.
The study was primarily interested in savings due to the different control methods rather than the
differences in fan operation.

Wang and LigWang & Liu, 2003)stimated energy savings from installation of VFDs on a non
makeupair laboratory fume hood system. They showed how savings can be estimated compared to a
constant volume fume hood system. In addition they showed how savings can be calculated in a three

fan system and provided algorithms to optimize fan operation between the three fans as compared to
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the baseline system. Although the study shows significant fan energy savings, the study focused on

laboratory fume hood retrofits only.

3.3.3 Savings Estimation Techniques
As shown in the Sectidh4there are various methodologiesmployed across the countysedto
estimate savings from VFD installations. A few papers asedr more of these methodologies to

compare savings to case study projects as described further below.

3.3.3.1 Simple Engineering Algorithms / Affinity Laws

One of the most fundamental methodologies to estimate energy savings from VFD installations is to
use thefan affinity laws. Calculations using the affinity laws are commonplace. There are, however,
several ways to overestimate savings when using the ideal fan or pump affinity laws. These issues must
be accounted for to avoid significantly owestimating saings. Maxwell summarized several of these
issues: system elements that affect system head pressure independently of flow rate; system elements
that change head pressure in proportion to less than the square of the flow rate; dynamic system
elements such adownstream dampers; changes in fan efficiency with modulating flow, pressure, or
speed;decrease iimotor efficiency at low part loads; more efficient existing part load controls than
expected; drive efficiency curves; and low load factor at full flodividually each of these can cause
savings estimates to be off by at least 2% and up to 10% or more in some(besasell, 2005)

Rice(Rice, 19883uggests energy savings are best estimated by separately calculating the baseline
and retrofit energy consumption, then taking the difference. He describes that to use the affinity laws to
estimate savings, one must first account for the system staticl lngatatic pressure requirements as
anything above zero will affect the intersection point of the system curve on the pump or fan curve. If
this is not accounted for savings will be overestimated. To estimate savings the evaluator must
understand the badae method of flow control, gather the pump or fan data, gather the process
information which affects savings such as: specific gravity or density, system resistance (static
head/pressure versus frictional), and pump/fan efficiency curves. One also aeff@isncy curves for all
the electrical components such as the motor, drive, gears, transformers, etc.

Reasonable assumptions can be made for the pump/fan curves and electrical efficiency curves
without drastically affecting savings estimates, howeveojgct specific data is needed on the other
data points to reliably estimate savings. It is critical to have not just full load efficiencies, but part load
efficiencies as well in order to estimate baseline and retrofit consumption and therefore saviigys. T
often requires metering.
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Lee(Lee, 2001fompared savings estimates from VFD installations for several case studies in various
industrial applications using estimated energy savings based on metering results and enengy savi
estimates made using the fan affinity laws and engineering calculations. For the simplified calculations,
the base kW estimates were made using an assumed load factor, the nominal nameplate HP, nameplate
efficiency, and the following algorithm:

@ o T (p%)ooue W 30 ¢ |
0 ¢ 0 IO QQE O w

Energy consumption and savinggre basedn projected baseline ruhours determined through

01 Q Q01 &IYenD: (8]

interviews wih plant/facility maintenance managers. All baseline systems were constant speed/volume
applications. Thesegeportedrun hours were used with the pretrofit baseline kW to project baseline
energy consumption.

Post retrofit projected consumption was calculated using the affinity laws with a 2.5 power rather
GKFy | Odzo SR L2 ¢ $Skbhing, 2984Rorkeskowifigith® afiecks wizstatic
pressure/head on the ideal relationghiThe following algorithm was used:

0EvQI "Yn b
LEOMI YR ONQ
It appears that post retrofit metering data was used to estimate the percent time the motors spent

[9]

in various speed bins, but this wastmtarified in the paper.

Thecalculatedbaseline kW, run howy and calculated energy savings estimates were compared to
the estimates using the pre and post retrofit metering data. The conclugasthat the run hour
estimates made from facility maintamce manager interviews were not that reliable. The predicted
energy savings from the simplified calculations varied significantly from the metered results. As such,
the authorrecommend VSD savings should be estimated using metered results to deterrsgimba
power, ruritime hours, and speed bins rather than using interviews and nameplate data. There was not
a judgment made on the use of the 2.5 power on the affinity law. It is important to note that these were

industrial applications which tend to haweore variation than HVAC applications.

3.3.3.2 Spreadsheet Calculations

The more reliable methods to estimate savings that do not rely on computer simulations generally
require input of a system load profile which looks at the time a fan motor spends in vaaioges (bins)
of percent flow(Rouse, 2009Minimum and maximum allowable speed/flow and the amount of

throttling that occurs withirthe full operatingrange over the course of a year determine how much
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energy can be saved bysialling a VFOntario Hydro, 1997 he hours spent within each speed/flow
range are recorded in a spreadshe€he affinity lawsr a regression equation for the power/flow
relationship for the systerare applied to each bin. The energy consumption for each bin are then added
up and compared to the baseline energy consumption to determine savings.

It is recognized that demand savings estimates are difficult to predict on a system level basis when
comparingmultiple different system configurations. It is best not to look at individual components, but
the combined efficiency of each system considered. Although not specifically focused on VFD savings,
Kavanaugh developed a simplified spreadsheet calculatialo t® quick early design comparison of

different system types to compare design day max effici€kewanaugh, 2003)

3.3.3.3 Computer Simulation Energy Modeling

One of the advantages of a building computer simulation methodologgtimate savings from VFD
installations is that the computer simulations can model efficiency and consumption changes that occur
in the different parts of the HVAC system as a result of installing a VFD on the fan. For example, on
systems with the motor ionditioned spaces, running the motors at reduced speeds can not only save
energy from the fan motor, but can reduce theolingload on the building HVAC system due to lower
motor heat lossesDuring the heating season, however, the lower fan motor hessés may require
increasedheating energyonsumptionto meet the heating load

Computer energy simulations also have Higlity to isolate savings from installation of the VFD
from the savings associated with various control methods. This is oftepassible when using billing
data or metered data.

2 KSY RSOSNX¥AYAY3I al@Aay3aa FTNRY £C5Qa AdG A& AYLERNI
the motor at full load, as this magpresent only a small fraction or (evennone o the annual
operating points It is necessarip look at the combination of the fan efficiency curve, the motor
efficiency curve and the VFD efficiency curve. These should then be compared to the system efficiency
curve to determine where on the combined fan/motor/VFD eéfiay curve the system operates.
Unfortunately this point is always changing as the system adjusts to load. It is difficult to make accurate
energy consumption estimates based on a single two dimensional curve as it is not representative of the
real complexies of the system. More advanced modeling softweaguse the efficiency curves for
each component to determine operating conditions for annual energy simulatiRoaks & Wallace,
2004)
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Eto and Almeid&Eto & De Almeida, 1988Yyaluated the potential energy savings achievable
through installation of a VFD on a commercial HVAC fan and chillers as compared to using inlet guide
vanes. Computer simulations were performed with difiet parametric runs on two prototypical
commercial buildings and using five different climate zone weather files. The commercial building
included in the study was a prototypical retail strip mall and a prototypical medium office building. Both
building pototypes were made to meet ASHRAE Standard 9.

The baseline HVAC system for the retail building was a standard VAV system with inlet guide vanes.
The retrofit scenario wasiodeledwith a VFD installed. The baseline for the office building was a dual
duct VAV system with inlet guide vanes. The retrofit scenariomaeledwith VFDs installed. The
office building also included retrofit of a conventional constant flow chiller with a VFD chiller. Savings
from retrofitting the chiller were separated fromme fan retrofit savings by running multiple model
configurations.

The models wereachrun in five different climate zones using Weather Year for Energy Calculation
(WYEC) data. Simulations were performed using the-ROE simulation program.

The simiations showed savings for both the fan and chiller applications, but also showed increased
heating consumption due to the reduced heating load from running the fans at lower speeds. These
HVAC interactive effects are generally not accounted for in theldgied VFD savings models.

Interestingly the energy savings for the retail models differed much more between climate zones than
the savings for the medium office building, primarily because the office building HVAC load was more
dominated by internal loaglas compared to the retail building. Both prototypes showed potential for
economical energy savings, with the office building showing somewhat more potential. This study did
not comparethe modeling results tother savings estimation methodologies, nar verified case

studies.

3.3.3.4 Statistical Approaches

YalcintagYalcintas, 200§)resents the use of an Artificial Neural Network (ANN) approach to
estimating savings for two different case studies. One of the case studies wastl&ation of VFDs on
an existing athandling units of a hotel and the addition of energy management systems in each guest
room. According to Yalcintas, the benefit of using a ANN approach as opposed to the more common
Multivariable Regression (MVR) appch is that there is a faster learning time, the analysis is more
simple, there is better prediction accuracy, and there is an added ability to model fluctuations in the

building energy use.
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This method, however, required both prey R LJ2 & (1 YNS-UASNER YUK Si 2Y 20RiISf 6 SF¥2 N
to use it for predictiorof savingsthus limiting its application to evaluation of savings postallation
rather than prediction ofavings prenstallation This method is not available to predict savings in the
abserce of metering, but its rather a method t@nnualize short term metering results. Although the
resultsappearedto produce good reliability, this approach does not offer significant usability for energy
efficiency program implementation, per the focustbis report. It is possible, however, that this

approach could be considered for evaluation of achieved program savings.

3.4 TRM Savings Methodologies for VFD Installations on HVAC Fan or Pump

Motor s

Several TRMs include protocols for estimating savaisgsciated with installing & on an HVAC
motor for nonresidential applications. Most of the protocols include savings estimates for installations
on HVAC supply, return or exhaust fans, or chilled water loop or hot water loop pump motors. A few
also irclude estimates for installations on cooling tower fan motors.

The followingTRMs include protocols for HYABDMnstallations and were included in this study for
comparison. This should not be considered an exhaustive list of available NRMERMs areften
under development and existing TRipicallyundergo annual or biannual updates which may
supersede the documents identified for this report. Many TRMs are not posted in conspicuous public
locations on the internet. Some are buried as links onlaipweourt docket that are not accessible
through normal internet search enginesthout previous knowledge of their existence.

Table2 lists the TRMs included in thasalysis andummarizeshe calculation methodologies and
source of savings estimates. The following sections go into more detail for each TRM listed including the

savings algorithms used.
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TRM Source
SU 2011 MSEM

Table2. TRM Calculation Methodology Compson

Calculation Methodology
Deemed savings per horsepower regardless of building ty
or motor application

Source of Savings Estimates

Based on simplified pump/fan affinity laws

CA 2011 DEER

Partially deemed algorithm with deemed savings per
horsepower estimates based on building type, building
vintage, motor application and climate zone

Based on DOE-2.2 energy simulations

Partially deemed algorithm with deemed savings per

CT 2012 TRM horsepower based on bullding type and motor application Based on temperature bin analysis spreadsheet
IL 2012 TRM Partially deemed algorithm with deemed savings factors |Based on temperature bin analysis spreadsheet pe
based on building type and motor application 2008 CT TRM
Partially deemed algorithm with deemed savings factors s e EmTERES B arelss S resdshe e
NJ 2012 TRM represented as a percentage of baseline consumption bag

on motor application

2008 CT TRM

Mid-Atlantic 2011 TRN

'ﬁartially deemed algorithm with deemed savings per
orsepower based on building type and motor application

Based on temperature bin analysis spreadsheet pe
2009 CT TRM

Partially deemed algorithm with deemed savings per

Based on temperature bin analysis spreadsheet pe

OH 2010 TRM - s
horsepower based on building type and motor application |2008 CT TRM
PA 2013 TRM Partially deemed algorithm with deemed savings factors |Based on temperature bin analysis spreadsheet pe
based on motor application 2012 CT TRM
ME 2010 TRM Partially deemed algorithm with deemed savings per Based on National Grid 2001 values averaged from
horsepower based on motor application only previous evaluations of VFD installations
MA 2012 TRM Partially deemed algorlth.m .Wlth deemed savings pgr _|Based on areport for NSTAR
horsepower based on building type and motor application
Partially deemed algorithm with deemed savings per
NYSERDA 2010 TRM|horsepower based on building type, climate, and motor |Based on DOE-2.2 energy simulations
application
Partially deemed algorithm with deemed savings per Based on National Grid 2001 values averaged from
VT 2010 TRM L . ) . .
horsepower based on motor application only previous evaluations of VFD installation
, Simple Excel based calculator with assumed savings per .
Manufacturers . . .~ |Based on manufacturer assumptions of annual aver
horsepower based on fan/pump configuration; requires inf .
Calculators fan/pump loading and standard fan power curves

of assumed annual hours of operation

The savings methodologies used in the listed TRMs can be generally categorized into the following

methodswith the number of TRMs using the method recorded in parentheses

)l
1 DOE2.
1
)l
1
1
9 OK 2

Simple calculations using fan affinity la{@$

2 energy simulationwputs (2)

Temperature bin spreadsheet analy&3
Empiricakevaluationresults(2)
Fan part load curved)

Unknown/from nonrpublic report(1)

~

T GKS ¢wa LINRG202f a

¥ 2 Nubse@ién® i is intdk&sting tozY Y I N 1

note that of the six TRMs using temperature bin spreadsheet analysis, Connecticut is the only

jurisdiction that actually did the analysis and the other five are basedifterent years of the CT TRM.

With the differenceshown in the description of each TRM isveryinteresting to see how they all
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come up with different savings estimates even though they are based on the same source and did not
make climate adjustments.
'Yy TF2Nldzy 6Ste y2yS 2F $HKifys unvesaidnty, thudNtes @ipdsSble$od G A Y I G ¢
predict the uncertainty associated with each method. It is likely that there is a large uncertainty
associated with each methaglven the methodologies used to estimate savings, none of which are

based on metered results

3.4.1 Southwest Utility Measure Savings Estimation Methodology 2011 (based on

pump/fan affinity laws)

TheSU2011MSEM(Confidential, 2011 perhaps the most simplistic savings methodology
used across the countryhis is a utility specific TRM used for implementation airodjramevaluation
purposesAlthough a more complete algorithm is provided, all factors except motor horsepower are
deemed resulting in a deemed savings per horsepovedueregardless of building type or motor
applicatonThe $§ SYSR al oAy 3a FI O02NAR NS o6FaSR 2y LlzYLX Tl

Flowrate~2.5. All other inputs are provided as deemed values exceptnabimdrsepower.

The algorithms provided to estimate energy and demand savings are as follows:

Annual Energy Savirfgs

OYR ; & 19 57— ,.g‘Q 2 "@0"Y200¢ 61 100 [10]

Summer Peak Demand Savings:

®"YP T T ﬁ z ) "@0" YOOl [11]
Where:

wYPR p = Annual energy savings

wYR = Summer peak demand savings

T™X T Q = Conversion factor for HP to kWh

0o"QQ = Installed mior efficiency; deemed based on HP

0O = Load factor; deemed

* Actual formula listed in the SU 2011 MSEM for energy savings incorrectly listed DSF instead of ESF. The

formula listed here has been corrected to provide clarity based on intent of the MSEM.
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0°Y"0 = Energy savings factor (percent); single deemed value based on pump/fan
FFFAYAGE fFga | aadzyAyay 12 F Cf2oNF GSwyH
0°Y0 = Demand savings factor (percent); single deemed value asedmp/fan
FFFAYAGE fFga | aadzyAyay 12 F Cft2oNI GSwyH
e ol i = Annual hours of operation; deemed

‘o0 = Nominal horsepower of controlled motor

3.4.2 California Database for Energy Efficiency Resources (DEER) 2011

The California 2011 DEERalifornia Public Utility Commission, 20Liggs a partially deemed
algorithm with deemed savings per horsepower estimates based on building type, building vintage,
motor application and climate zone. Deemed savings factors were developefDOE2.2 (James J.
Hirsch & Associates and Lawrence Berkely National Laboratoeyyy simulationgor prototypical
buildings and established measure characterizatiddsemed savings estimates are provided for each
measuretype, building type, vintage and climate zoiikxon, Inc., JJ Hirsh & Associates, Synergy
Consulting, and Quantum, Inc., 2005)

The algorithms provided to estimate energy and demand savings are as follows:

Annual Energy Saga:

o - wQ
YQduQ 00z — s [12]
Summer Peak Demand Savings:
o .. QW
YQw 00z — [13]
(O]V]
Annual Gas Savings:
o . OMi ai
YOMi ai 00z — [14]
Ovu
Where:
YQuQ = Annuaknergy savings
YQm = Summer peak demand savings
Y61 ai = Annual fuel savings
00 = Nominal horsepower of controlled motor

—_— = Energy savings factor based on motor application, building type, building

vintage, and climate zone; deemed
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— = Summer peak demand savings factor based on motor application, building
type, building vintage, and climate zone; deemed
—_— = Fuel savings factor based on motor application, building type, building vintage,

and climate zone; deemed

The CA DEER provides deemed savings factové-frinstalled in the following applications:

1 HVAC supply VAV box with constant volume baseline
1 HVAC Supply Fan with baseline VAV fan witMit(measure assumes baseline forward
curved fan with discharge dgpers)
1 HVAC cooling tower fans wibaselinetwo-speed tower fans
1 HVAC Pumwith constant flow baseline pump for:
0 Hotwater loop
o Chilled water loop
1 HVAC Pumpith variable flow baseline pump for:
0 Hotwater loop

o Chilled water loop

The CA DEER provides aigdbr deemed savings to be used for the above applications in multiple

climate zones and various vintages for each of the following building types:

Education Community College
Education Secondary School
Educationg University
Health/Medicalg Hospigl
Lodgingg Hotel
Health/Medical- Nursing Home
Officeg Large

Retail- Multistory Large
Commercial

SCE Health/Medical Clinic

= =/ =4 =4 =4 -4 4 4 -4 -4 A

SCE TransportaticrCommunicatiorg, Utilities
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3.4.3 Connecticut 2012 TRM (based on temperature bin analysis)
TheCT2012 TRMUI and CL&P, 201a}es goartially deemed algorithm witdeemed savings per
horsepower based on building type and motor applicatibeemedsavings factors are based
ASHRAEOM by @ ! AaSNIRa al ydzZ f RSiNIn&SiRspreaiisheeBwith typidab Y LIS NI (i c
heating, cooling and fan load profiles.
The algorithms provided to estimate energy and demand savings are as follows:

Annual Energy Savings:

. 6 00
0 QiR

S g L
000 0z7Y'0 [15]

Summer Peak Demand Savings:

YQw 0 OU Z"Y"Op [16]
000
Winter Peak Demand Savings:
006 Sz YO, 17
000
Where:
0 Qm = Annual energy savings
Y Qw = Summer peakemand savings
»Qw = Winter peak demand savings
6 "00 = System brake horsepower
KO) =Annual hours of operatigrdeemed
000 =Installedmotor efficiency
YO =Annual kilowatt hour savings factor based on typical load profile for
applicaion; deemed
YO =Summer kWsavings factor based dgpical peak load of applicatipimcludes
coincident factors within deemed valuedeemed
YO = Winter kW savings factor based on typical peak load of applicaticludes

coincident &ctors within deemed valuesleemed

TheCTTRM providesleemedsavings factors fovF3 installed in the following applicatiohs

® The 2012 version of the CT TRM removed the savings factorsofustant volume baselines.
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1 HVAC Fan with baseline fan type of:
0 AF/BI: Airfoil/lbackward inclined
o AF/BI IGV: Airfoil/backward inclined with inlet guide @an
o FC: Forward curved
o FC IGV: Forward curvedth inlet guide vane
1 HVAC Pumwith baselinepumptype of:
o CHWPilled water pump
o HWHP:Hot water pump

The TRM provides deemed annual hours of operation for fan motors, CHWP motors and HWP
motors for a large nenber of building types too numerous to list here. It is not clear how the hours of

operation are derived.

3.4.4 lllinois 2012 TRM (based on 2008 CT TRM)

The IL 2012 TRWermont Energy Investment Corporation, 20L2s a partially deemed algorithm
with deemed savings factors based on building type and motor applicddieemed savings factors are
based on the 2008 CT TREL&P and Ul, 200@hich used ASHRAE 9@ipy ¢ | & S NIddrivea | y dzI £
the factors using a temperature bin analysis spreadsheet with typical heating, cooling and fan load
profiles. It is important to note that although the IL TRM protocol is based on the 2008 CT TRM, a few
modifications were made in the IL TRM protocol

First, the 2008 CT TRM uses brake horse power in the equation, but the IL TRM uses nominal
horsepower with a load factor (LF) adjustment. This should provide similar results.

Further, the IL TRMoes not include coincidence factor (CF) in the demandisgs algorithmThe
protocol states that the CF is already incorporated into the DSF from the 2008 CT TRM, however, this is
not entirely clear. It appears in fact that this may not be the case. The QUOBRMrovides CF values
in the appendix as a wagp tonvert measure peak demand savings to system peak demand savings. This
would affect system peak demand savings calculated using the IL TRM.

The ILTRMalsoincludes a factor for conversion of HP to kWh. This factor is not used 2008 CT
TRM as itd presumably included in the savings factors directly. Given that fhiieNLdichot adjust the
savings factors to account for this faciowill lead to results which differ from the source document
and will likely be unreliable as a result.

Lastly, @emed operating hourén the IL TRMre based on averages by building type from

simulation modeling, performed for ComEd, of pump and fan matattser than using the operating
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hours from the 2008 CT TRM which the savings factors are basBgceuse the ILRM uses different
hours than what the savings factors are based on, this fultdests to questionablsavings estimates.
Given the changes the IL TRM makes to the algorithms and deemed variables as compared to the
source document, it renders thgavingsestimates in the IL TRM to be suspect and likely unreliable.
The algorithms provided to estimate energy and demand savings are as follows:

Annual Energy Savings:

Yo Qo 2’0¢ 6 FOYO [18]
Summer Peakemand Savings:
Yoo Qo 2’0"Y0 [19]
Where
Qo 00z T’} T ?tp_u—o [20]
And:
YQoQ = Annual energy savings
YQo = Summer coincident peak demasavings
Qw = kW of equipment calculated using motor efficiency
e o6l i = Annual hours of operation based on building type; deemed
oY 0 = Energy savings factor based on motor application; deemed
0°Y0 = Demand savings factor $&d on motor application; deemed
00 = Nominal horsepower of controlled motor
T™X T Q = Conversion factor for HP to kWh
0O = Load factor

- = Installed motor efficiency
The IL TRM provides deemed savings factor¥ s installed in thedllowing applications:

1 HVAC Fan with baseline fan type of:
o Constant volume
o Airfoil with inlet guide vane
o Forward curved with discharge dampers
o Forward curvedvith inlet guide vane
1 HVAC Pumwith baseline pump type of:

o Chilled water pump
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0 Hotwater pump

ThelL TRM provides a value for deemed operating hours to be used for both fan and pump

applications for each of the following building types:

College/University
Grocery

Heavy Industry
Hotel/Motel

Light Industry
Medical

Office

Restaurant
Retail/Service
SchoolK-12)

Warehouse

=A =4 =4 =4 4 4 4 4 4 4 -4 I

Average/Miscellaneous

3.4.5 New Jersey 2011 TRM(based on 2008 CT TRM)

The NJ 2011 TRWew Jersey Clean Energy Program Protocols, 2@E%)a partially deemed
algorithm with deemed savings factors represented agsi@entage of baseline consumption based on
motor application. Deemed savings factors are based on a CT TRM which used ASHRAEW®HL | a8 SND &
Manual to derive the factors using a temperature bin analysis spreadsheet with typical heating, cooling
and fan bad profiles. It is unclear which year of the CT TRM was used, but it was likely the 2008 CT TRM
(CL&P and Ul,200)&a GKS 9{cCcQa OFly 06S NBLIAOIGSR FNBY (K2aS
HP limits on the protocol sithar to the 2008 CT TRM. It is important to note that although the NJ TRM
protocol is based on the CT TRM, a few modifications were made in the NJ TRM protocol.

First, the CT TRM uses brake horse power in the equation, but the NJ TRM uses nominal/nameplate
horsepower with no adjustment to the energy and demand savings factors to account for the difference.
This results in a different savings estimate.

Further, the NJ TRM includes a factor for conversion of HP to kwWh. This factor is not used in the CT
TRM, lut the NJ TRM does appear to adjust the savings factors to account for this factor and should

have a similar result.
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The NJ TRM does not provide default operating hours based on the CT TRM and instead requires
customer specific inputs for operating houkss the ESF and DSF factors in the CT TRM are based on
related operating hours per the modeling used, this adds some questions to the validity of the NJ TRM
results.

Finally, the NJ TRM appears to have made an additional adjustment to the DSF valueg f&im th
TRM when developing the protocol. Itrist possible to replicate the changes and they do not appear to
be consistent between motor applications. It is likely that this renders the NJ TRM protocol demand
savings estimates unreliable, or at a minimuenyquestionable until the purpose and method of the
adjustments is clarified.

The algorithms provided to estimate energy and demand savings are as follows:

Annual Energy Savings:

yaaQ g 1 00z'0YYY go [21]
Summer Peak Demand Savings:
YQu 1 1 00z _’O Yo [22]
Where:
Qa0 = Annual energy savings
Qw = Peak demand savings
T™X T Q = Conversion factor for HP to kWh
00 = Nominal/nameplate horsepower cbntrolled motor
oYYy = Annual hours of operation based on building type and motor application;
default not provided
oY 0 = Energy savings factor based on motor application; deemed
0°Y 0 = Demand savings factor based on motor application, incladegident factor

within the DSF; deemed

- = Efficiency of motor at peak load

3.4.6 Northeast Energy Efficiency Partnerships (NEEP): Mid -Atlantic 2011 TRM
(based on 2009 CT TRM)
The MidAtlantic 2011 TRMVermont Energy lestment Corporation, 2011jses a partially deemed
algorithm with deemed savings per horsepower based on building type and motor application. Use of

the protocol is limited to VFDs installed on motors 10 HP or less, without a VFD donttiod following
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HVAC applications: supply fans, return fans, exhaust fans, chilled water pumps, and boileateed
pumps.Deemed savings factors are based on the 2009 CT(UR&Mhd CL&P, 200@hich used ASHRAE
90.1:m oy ¢p | & S NIdeariveate faddrstusing & temperature bin analysis spreadsheet with typical

heating, cooling and fan load profildsis important to note that although the Midtlantic TRM

protocol is based on the 2009 CT TRMewmodifications were made the Mid-Atlantic TRM protocol.
GKS LINPG202f Qa | LILX AOI

First KS wnnd /¢ ¢wa fAYAQZ

cooling tower fans less than 7.5 HP, VAV fans less than 15 HP, and chilled water or hot water hydronic

system pumps up to 50 HR is not clear why the Midtlantic TRM differed in its allowed applications

from the source reference to applications that were not intended by the original protocol.

Additionally, the 2009 CT TRM uses brake horse power in the equation, but thétlsiidic TRM

uses nominal horsepower with no adjustment to the energy and demand savings factors to account for

the difference.This results in a different savings estimate.

Further, the MidAtlantic TRMncludesa coincidence factor (CF) in the demand savimgorithm.

¢tKS wnndgd /¢ ¢wa R2Sa yz2i

Ay Of dzRS

iKS

/| C gAGKAY

0K

way to convert measure peak demand savings to system peak demand savings. This is simply a change in

where the CF is shown within the doceant, but should not affect system peak demand savings.

Lastly, the MidAtlantic TRM includes a factor for conversion of HP to kWh. This factor is not used in

the CT TRM, but the Midtlantic TRM did adjust the savingstfars to account for this factor and

should have a similar result.

The algorithms provided to estimate energy and demand savings are as follows:

Annual Energy Savings:

- 00z T -
Vo —— % %05 vepiyo

Summer Peak Demand Savings:

YQo —OLiZ T 2oy 0
Where:
YO0 = Annual energy savings
YQm = Summer peak demand savings
00 = Nominal horsepower of controlled motor
T™X T Q = Conversion factor for HP to kWh

- = Efficiencyf baseline motor

[23]

[24]
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e o i = Annual hours of operation based on building type and motor application;

deemed
0°Y'0 = Energy savings factor based on motor application; deemed
0°Y0 = Demand savings factor based on motor applicatitmes not include

coincident demand factodeemed

00 = Summer peak coincidence factor; deemed by motor application

The MidAtlantic TRM provides deemed savings factora/ies installed in the following

applications:

1 HVAC Fan with baseline fan type of:
o Constant Volume
o0 AF/BI: Airfoil/lbackward inclined
o AF/BI IGV: Airfoil/backward inclined with inlet guide vane
o FC: Forward curved
o FC IGV: Forward curvedth inlet guide vane
1 HVAC Pumwith baseline pump type of:
o CHW®P: Chilled water pump
o HWRP: Hot water pump

The TRM providedeemed annual hours of operation for fan motors, chilled water pump motors

and hot water pump motors for a large number of building types too numerous to list here.

3.4.7 Ohio Draft 2010 TRM (based on 2008 CT TRM)
The draft Ohio 2010 TRWermont Energy Investment Corporation, 20L8gs a partially deemed
algorithm with deemed savings per horsepower based on building type and motor application. Deemed
savings factors are based on the 2008 CT [&MP and Ul, 200®hich used ASHRAE 9ipy ¢p | a SNDa
Manual to derive the factors using a temperature bin analysis spreadsheet with typical heating, cooling
and fan load profiledt is important to note that although the IL TRM protocdb@sed on the 2008 CT
TRM, a few modifications were made in the IL TRM protocol.
The primary difference is that in the Ohio TRM deemed operating hours are based on aw&rage
hours from all building types in the CT TRM by motor applicatather than usig the operating hours
by building type and motor applicatidrom the 2008 CT TRM whichetsavings factors are based on. By
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averaging the operating hours across all building types, the Ohio TRM will yield less reliable savings
estimates for each projectt is possible that due to differences in participation, this will also result in
less reliable savings for the program as a whole.

Further, theOhioTRM does not include a coincidence factor (CF) in the demand savings algorithm.
The protocol states thahe CF is already incorporated into the DSF from the 2008 CT TRM, however,
this is not entirely cleain the CT TRMt appears in fact that this may not be the case. The 2008 CT TRM
provides CF values in the appendix as a way to convert measure peakdiemangs to system peak
demandsavingt ¥ G KS /¢ ¢wa R2Say hidiwodldafettdyRtén peak etandl y ( K S
savings calculated using ti@hioTRM.

Given the changes th®@hio TRM makes to the algorithms and deemed variables as compatée to
source document, it renders the savings estimates inQio TRM to beslightlysuspect.The changes
are minor and may not have a significant impact, but should be understood.

The algorithms provided to estimate energy and demand savings are agdollo

Annual Energy Savings:

600 ., .o
Z'0u 'Y ®YO [29]

Y Qo0

Summer Peak Demand Savings:
~ 6 00

YQo — 2’'0"Y"0 [26]
Where:
3 QW = Annual energy savings
3 Qw = Summecoincident peak demand savings
6 00 = System brake horsepower
- = Installed motor efficiency
"OOURS = Annual hours of operation; deemed based on motor application
oY 0 = Energy savings factor based on motor application; deemed
0°Y 0 =Demand savings factor based on motor application, includes coincident

demand factor; deemed

TheOhio TRM provides deemed savings factors\M&i3 installed in the following applications:

1 HVAC Fan with baseline fan type of:

o Constant volume
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o Airfoil/lbackwardinclined

o Airfoil with inlet guide vane

o Forward curved

o Forward curvedvith inlet guide vane
1 HVAC Pumpith baseline pump type of:

o Chilled water pump

0 Hotwater pump
The Ohio TRM provides a single deemed operating hour value for each of the following:

f Fans
1 Hot water pump
1 Chilled water pump

3.4.8 Pennsylvania 2013 TRM (based on 2012 CT TRM)

The PA 2013 TR{®ennsylvania Public Utility Commission, 2Qis®s a partially deemed algorithm
with deemed savings factors based on motor application. Use of the protocol is limited to VFDs installed
on without a VFD controfpr the following HVAC applicationtdVAdans, chilled water pumps, aribt
water pumps. [@emed savings factors are based on th&d2GT TRMUI and CL&P, 201which used
ASHRAEOM by p ! AaSNDRa al ydzZ t G2 RSNAGS GKS FIFOd2NA dzaA
with typical heating, cooling and fan load gfes. It is important to note that although tHeATRM
protocol is based on the 2@ CT TRM, a few modifications were made inB#eTRM protocol.

First, the 2012 CT TRM uses brake horse power in the equation, but the PA TRM uses nominal
horsepower with doad factor (LF) adjustment. This should provide similar results.

Additionally, the PA TRM also includes a factor for conversion of HP to kWh. This factor is not used
in the 2012 CT TRM as it is presumably included in the savings factors directly. @itka #8A TRM
did not adjust the savings factors to account for this factor it will lead to results which differ from the
source document and will likely be unreliable as a result.

Further, the PA TRM includes a CF in the demand savings algorithm. THeT2URM does not
include a separate CF, but instead appears to have included the CF within the DSF itself, thus directly
calculating coincident peak demand savings. This difference may double count the affects of the CF in

the PA TRM, thus lowering savirggimates.
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The combinecffect of these modifications the PA TRM makes to the algorithms and deemed
variables as compared to the source document, it renders the savings estimates in the IL TRM to be
suspect and likely unreliable.

The algorithms providetb estimate energy and demand savings are as follows:

Annual Energy Savings:

Yaso 1 1 4007 - °, Y'OY'Y 20°YO [27]
Summer Peak Demand Savings:
YQo T T %00z - °: 8 00"v0 [28]
Where:
YQuQ = Annual energy savings
YQo = Summecoincidentpeak demand savings
T™X T Q@ = Conversion factor for HP to kWh
00 = Nominal horsepower of controlled motor
0O = Load factor; ratio between the actual tband rated load
- = Efficiency of motoat full-rated load
YOY'Y = Annual hours of operation based on building type and motor application;
deemed
0°Y'0 = Energy savings factor based on motor application; deemed
0°Y0 = Demandsavings factor based on motor application, does not include
coincident demand factor; deemed
00 = Summer peak coincidence factor; deemed by motor application

ThePATRM provides deemed savings factors\M&i3 installed in the following applications:

1 HVAC Fan with baseline fan type of:
o Constant Volume
o Airfoil/lbackward inclined
o Airfoil/lbackward inclined with inlet guide vane
o Forward curved
o Forward curvedvith inlet guide vane

1 HVAC Pumwith baseline pump type of:
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o Chilled water pump

0 Hotwater pump

The TRMrovides deemed annual hours of operation for fan motors, chilled water pump motors

and hot water pump motors for a large number of building types too numerous to list here.

3.4.9 Maine 2010 TRM (based on National Grid 2001 study , same as VT 2010 TRNM

The ME 2010 TREEfficiency Maine, 201Qjses a partially deemed algorithm with deemed savings
per horsepower based on motor application only. Deemed savings factors are babkdiemal Grid
2001 values averaged from previoesaluations of VFD installationsut theNational Grid source
document is publically unavailable and tthetails of theevaluation methods used to determine savings
are unknown. It is not clear how the sags factors were derived.

Use of the followinglgorithms is limited to VFDs installed on motbidPthrough 30 HPon HVAC
supply, return and exhaust fans, chilled water pumps, and heating hot water circulation pwittps
baseline control system that is famntrol or bypass. All other control systerauch as on/off, inlet
vanes, dampers, throttling valves, Eddy current, magnetic coupling, etc. must use a custom calculation.
The ME 2010 TRM also provides a more robust algorithm to use with VFDs installaGrsioply,
return and exhaust fans, chilevater pumps, and boiler feed water pumfsHP to 30 HRyith
baseline conditions including no control, inlet guide vanes, outleteguanes, and throttling valves.
However, the algorithm requires custom inputs for all variables and is therefore neide here as a
prescriptive protocol.

The algorithms provided to estimate energy and demand savings are as follows:

Annual Energy Savings:

YQ@Q OYwr®oz o &Y [29]

Summer Peak Demand Savings:

YQo O°YZX@miz 6 O°Y [30]
Where:
YO0 = Annual energy savings
YQm = Maximum of either summer or winter peak demand savings
O"Y® O = Energy savings factfikWh/HP)based on motor application; deemed
O"YwO =Winter peak demand savings facttkW/HP)based on motor application

except summer peak demand savings factor for chilled water pudgeEmed

"Ou = Nominal horsepower of controlled motor
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0n"Y = Commissioning factor. CXS = 1.10 when the project undergoes cgioming

services1.0 otherwise.
The MA TRM provides deemed savings factor¥fis installed in the following applications:

Supply Fan
Return Fan
Exhaust Fan

Chilled Water Pump

= =/ =2 =4 =

Heating bt Water Circulating Pump

3.4.10 Massachusetts 2012 TRM (based on 2010 NSTAR study)

The Massachusetts 2012 TRMass Save, 201kes a partially deemed algorithm with deemed
savings per horsepower based on building type and motor application. Deemed savings factors are
based on a report for NSTAR t blie report is not publically available and tldetails of the report are
unknown. It is not clear how the savings factors were derived.

The algorithms provided to estimate energy and demand savings are as follows:

Annual Energy Savings:

yoga ob: P . 290 (31
- (O]V]
Summer Peak Demand Savings:
Voo 0b: P 2 29 (32
- (O]V]
Where:
YQuQ = Annual energy savings
YQm = Summer peak demand savings
00 = Nominahorsepower of controlled motor

- = Nameplate motor efficiency

—_— = Energy savings factor based on motor application and building type; deemed

— = Summer peak demand savings factor based on motor application and building

type; deemed

The MA TRM provides deemed savings factor¥fis installed in the following applications:
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Building Exhaust Fan
Cooling Tower Fan

Chilled Water Pump

Boiler Feed Water Pump
Hot Water Circulating Pump
MAF¢ Make-up Air Fan
Return Fan

Supply Fan

=A =4 =4 =4 4 4 4 -4 I

WSHeat Pump Circulating Loop

And for the following building types:

University/College
Elementary/High School
Multi-Family

Hotel/Motel

Health

Warehouse

Restaurant

Retail

Grocery

Offices

=A =/ =4 =4 4 4 4 -4 -4

3.4.11 New York 2010 TRM (based on DOE-2.2 simulation modeling)

The NY 2010 TRWew York Evaluation Advisory Contractor Team and TecMarket Works, 2010)
uses a partially deemed algorithm with deemed savings per horsepower based on building type, climate,
and motor application. Deemed savings factors wezeadoped using DOE2 energy simulations and
prototypical buildings with three different builip systems. Results were then averaged together for the
final factors.

The algorithms provided to estimate energy and demand savings are as follows:

Annual Enagy Savings:

YQuQ 00z 39 (f)Q [33]
Ov
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Summer Peak Demand Savings:

o . 300
YQw 00z — 2060
(@]1]
Where:
YQoQ = Annual energy savings
YQw = Summer peak demand savings
00 = Nominahorsepower of controlled motor
deemed
motor application; deemed
00 = Coincidene factor

[34]

= Energy savings factor based on climate, building type and motor application;

= Summer peak demand savings factor based on climate, building type and

TheNYTRM provides deemed savings factors\&i3 installed in the following applications:

=A =/ =42 =4 -4 =

And for the following building types:

=A =/ =2 =4 4 4 -4 A

Chilled Water Pump
Hot Water Pump
Cooling Tower Fan
Return Fan

Supply Fan

Condenser water pump

Hotel

Office

Hospital
Community college
High school

Large retail
Dormitory

University
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The protocol also provides energy and demand savings factors supplied by National Grid based on
data developed by NSTAR for the Massachusetts TRM and trued up by National Grid based on NSTAR

data. The details of the works by NSTAR and National Grid aleallypunavailableThe savings factors

provided based on NSTAR data cover the following motor applications:

=A =/ =4 =4 4 4 -4 -4

Exhaust fan

Cooling tower fan
Chilled water pump
Boiler feedwater pump
Hot water pump
Make-up air fan

Return fan

Supply fan

Water loop heat pumpirculating pump

The savings factors provided based on NSTAR data cover the following building types:

=A =/ =4 =4 4 4 4 -4 -4

University/College
Elementary/High School
Multi-Family

Hotel/Motel

Health

Warehouse

Restaurant

Retail

Grocery

Offices

3.4.12 Vermont 2010 TRM (based on National Grid 2001 study , same as ME 2010
TRM)
The VT 2010 TR&fficiency Vermont, 201Qises a partially deemed algorithm with deemed

savings per horsepower based on motor application only. Deemed savings factors are based on National

Grid 2001 values averaged from previous evaluations of VFD installdtigriee National Grid source
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document is publically unavailable and the details of the evaluation methods used to determine savings
are unknownlt is not clear how the savings factors were derived.
Use of the following algorithms is limited to VFDs installed on motors less thidR, dd HVAC
supply, return and exhaust fans, chilled water pumps, laoiter feedwater pumps, with baseline
control system that is ngontrol, inlet guidevanes,outlet guide vanes, anthrottling valves
The algorithms provided to estimate energy and demandnggvare as follows:

Annual Energy Savings:

YQiQ  OYwr®izo @Y [35]
Summer Peak Demand Savings:
YQo  0"Ywr@iz o6 &Y [36]
Where:
YQoQ = Annual energy savings
YQo = Maximum okither summer or winter peak demand savings
O"Yw O = Energy savings factor (kWh/HP) based on motor application; deemed
O"Yn O = Winter peak demand savings factor (kW/HP) based on motor application

except summer peak demand savings factor for chillatewpumps; deemed
"Ov = Nominal horsepower of controlled motor
0wy = Commissioning factor. CXS = 1.10 when the project undergoes commissioning

services, 1.0 otherwise.
TheVTTRM provides deemed savings factors\féi3 installed in the following apipations:

Supply Fan
Return Fan
Exhaust Fan

Chilled Water Pump

=A =/ =4 =4 =

Heating Hot Water Circulating Pump

34.13- AT OEAAOOOAOOGE #Al AOI ADI 0O

Several VFD manufacturers publish simple Excel based spreadsheet calculestiradte energy
savings from installing a VFD on HVAC applications. They are similar to DOE based calculators and
generally use a simple partially deemed algorithm with a deemed power savings ratio based on baseline

and retrofit flow control method. The Isés of the assumptions is found in the ASHRAE Handbook, HVAC
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Applications Volume. The calculator is intended to provide conservative estimates, but in some cases
may overestimate savings.
The algorithm provided to estimate energy savings is as follows:

Anrual Energy Savings:

YQiQ 1 T %00z 0°'Y 0'Y zY'OY"Y [37]
Where:
YQaQ = Annual energy savings
X T Q = Conversion factor for HP to kWh
00 = Nominal horsepower of controlled motor
0°Y =Motor Power Ratio based on flow control method of baseline motor (assumed

at 60% of maximum flow for fans and 70% maximum flow for pumps)

o'y = Motor Power Ratio based on flow control with a VFD installed (assumed at
60% of maximum flow for farend 70% maximum flow for pumps)

YOY'Y = Annual hours of operation based on building type and motor application;

input required

The calculators generally provide Motor Power Ratios for the following flow control methods:

f HVAC Fans:
o0 Bypass Damper
o Fan Curve (VAV riding the fan curve)
o Outlet Damper
0 Inlet Guide Vane
0 Variable Frequency Drive
1 HVAC Pumps:
o No Control
0 Bypass Valve
o Discharge Valve

0 Variable Frequency Drive
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Chapter 4

4 Case Studiesand Savings Estimation Methods

Several case studies with vegifi savings were identified in order to compare the various TRM

estimation methodologies and computer simulation modeling methods.

4.1 Selection of Case Studies

To review the reliability of the various TRM savings prototioésplan wago have several case
studies from different jurisdictions with verified savirigggsed on preand postinstallationmetering
datato compare. Given that incentives have been offered for VFDs installed on HVAC systems for
several years in many jurisdictions it was believed thabuld be easy to finthanycase studies that
hadbeen verified using metered results. For a variety of reasons this was not the case.

Many commercial and industrial programs oféevariety ofmeasure types within one program
therefore evaluation sampgrarely produce statistically valid findings for any one measure type. This
means that for a large program the sampled VFD projects may only be a handful pef gegarat all
Further, because many of the evaluations in jurisdictions that use a TRMaenifly that project savings
estimates correctly followed the TRM, metered results are few and far between. In fact, most of the VFD
projects that were verified using metering were custom projeatsl because the TRM protocols did
not applythese projectresults are generally not useful for this study

Because a study like this needs to be able to compare apples to apples as much as possible, it was
decided to focus on retrofits of existing office building HVAC fans, as these have the daayafit
program potential of the primary building types in the country. Thisther limited the pool ofavailable
case studies to onlyetrofits of office building HVAC fanwith verified savings that did not use a TRM
for the verification.

Although it was origind desired to have case studies with verified savings based emapdepost
installation metering, this was shown to befeasible It is very rare for project owners, program
implementation contractors, or evaluators to meter passtallation conditionslt is rarer still to meter
pre-installation conditionsNarrowingthe studydown further to office building HVAC fan projects
proved impossible to find any case studies with both-jred postinstallation metering. It was even
difficult to find case stdies with significant posnstallation meteringBecause of these challenges it
was determined that thestudywould need to be opened up to case studies that were verified with

metering, billing analysis, or using a detailed bin analysis.
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An exhaustive irernet search was performed on both general public websites and in scholarly
journals, periodicals, and research papers which only produced a small handful of potential case studies.
Of the potential case studies found, none provided enough detail negegsae able to apply the
various TRM protocols to estimate savings, nor to compare to energy models.

Next, several manufacturers of VFDs were contacted to see if they had any metered case studies
that may be used for the study. Only two manufacturers oegfed; both sent several one or two sheet
summaries of case studies they use for marketing purposes. Unfortunately, all of the studies were
AaSOSNIf @SINR 2fRX a2YS RIGAy3 o601 G2 G4KS tF3GS wm
It was detemined thatonly one of these studiegould be used because it provided the list of motors
retrofitted with VFDs, their horsepower and building type.

The author also contacted several program evaluation firms to see if they had any potential case
studies.Mr. Del Balso works for Navigant as an independent program evaluator, and therefore was able
to contact several internal staff as well as staff fronaltiple competitor firms. Unfortunately this
proved to be less fruitful than anticipated. After lookingahgh several years worth of internally
available sampled projects, a few projects were identified as possible case siutbéist was
narrowed down to seven case studiwhich were worth attempting to estimate savings using all the
available TRM protads. One case study proved not usefd it did not fit in the limited applications
each TRM hadeaving six usable case studies from evaluations and one case study from manufacturers
for a total of seven usable case studies.

Table3 summarizes theisableseven case studies.
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Table3. Case Study Summary

Case Study
Number  Source Type Building Type Building Location VSD Installation® Baseline System Type  Retrofit System Type Verification Type
ST T Southeastern US Side by side comparison of two
1 Manufacturer  |Courthouse/Office county (AssumeqVFD's installed on HVAC AH AHU VAV fans w/ IGVs AHU VAV fans w/VFDs, |dent|_cal floors with baseline and
buildin Atlanta, GA for |fans IGVs locked open retrofit; Metered and logged data
9 analysis) extrapolated to annual
utlity Incentive Large Office . . VFD's installed on HVAC VAV fans w/VFDs, IGVs Spot metered and Iogged.datal
Program g Philadelphia, PA VAV fans w/ IGVs extrapolated to annual using bin
. Building supply and return fans locked open .
2 Evaluation analysis and fan curves
VSDs installed on HVAC AH
Utility Incentive Lz Ot e _ _ sypply and rgturn fans, frest VAV fresh air VAV fans AVAV Fresh air fans with Metered and logged data e_xtrapolate
3 Program g Philadelphia, PAair fans, cooling tower fans, to annual (only the fresh air fan motd
. Building IGVs VFDs . .
Evaluation hot water loop pumps, and were included comparison)
cold water loop pumps
- . VSDs i Il HVA VAV AF/BI ly f
Utility Incentive . SDs installed on c /Bl supply fans EMS trend data extrapolated to annuy
Large Office . . supply and return fans, outlet dampers, and AF/§VAV supply fan w/ VFD,| . . .
Program g Philadelphia, PA using bin analysis (only supply and
. Building condenser water pumps andreturn fans w/ outlet and return fans w/ VFD . . .
Evaluation ) return fans were included in analysis
4 cooling tower fan dampers
Utility Incentive VAV AF/BI RTUs w/ IGV VAV RTUs w/ VFDs serv|
y . . VFDs installed on existing Rserving retail space, CV |retail space, and VAV R1EMS trend data extrapolated to annu
5 Program Large Mall Philadelphia, PA . . . . .
. supply fans RTUs serving common |w/ VFDs serving commojusing bin analysis
Evaluation
space space
Utility Incentive . . . .
Medium Office . VFDs installed on RTU suppg VAV RTU supply fans w/|[VAV RTU supply fans w/|Metered and logging data extrapolat
Program . Chicago, IL
. Building fans IGVs VFDs to annual
6 Evaluation
Utility Incentive . . .
7 Progiam Me.dlL.Jm Office Chicagoyi VFDs installed on HVAC VAV supply fans w/ outIeVAV ST VI:D%I\/Ietered and logged data extrapolatg
Evaluation Building supply fans dampers o annual

@ For all cases where fan type is unknown, Air Foil/Backward Inclined fan is assumed.
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Because most of the case studies did not provide all the details necessamyiydtavarious
twaQad> ASOSNIf adadzYLliAz2ya ySSRSR (2 06S YIRS® ¢KA
evaluation activitiesas it is common that many project details are unavailabléhe implemenation
contractor and evaluator. This doeslicate some of the limitations of program implementation and

evaluation, howeverThe following assumptionsere used when case study specific data was

unavailable.
1 Motors:
o EPact efficiency for given nominal motor HP
0o ODP motor assumed with 4 poles (1808MR
1 Fan Type:

o Centrifugal fan
0 BI/AF blades for VAV systems
f Run Hours:

o For all cases, run hours were assumed based on building type and/or fan application
G8LIS LISNIGKS /¢ ¢wa dFroftS 2F 1 £!/ | 2d2NBR 2
hours from those wer@ised instead. In a few case studies where actual project
specific run hours were determined through metered or logged data, the actual
hours were not used in the TRM analyses because the goal of the project is to
compare savings estimates using simpliffld®®’M protocols without metering to
verified savings. In such casestered/loggedrun hours will not typically be

availableat the time the TRM is used to estimate savings

4.2 Estimating Savings Using Technical Reference Manual s
The 13 TRM/simple savings rhetlologies were used to estimate savings for each of the seven case
studies and compared to the verified savings estimates. The results are sumnwaitizedch case

study:.

4.2.1 TRM Limitations

{SOSNI &t 2F GKS ¢waada KI @S f{ A Ycationtaliceraiyf éondididhd OK f A YA (
There was no clear justification for why the limitations were placed in any of the TRM protocofer and
a few TRMshe limitations appear to be arbitraryn some instances where the case stugds outside

the TRM limitatbnsthe protocols were used to estimate savings anyway to see how the methodology
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would compare to the other protocols if the limitations were not in place. The following notes apply to

the superscripts in each summary table.

a. The 2011 MieAtlantic TRM limits the protocol to VSDs installed on motors 10 HP or less for
HVAC supply fans, return fans, exhaust fans, chilled water pumps, and boilevdesdoumps.

Case studies labeled with this naee technically not eligible tose the MidAtlantic TRM,
however,the protocol was applied anyway for comparison only as the original source document
does not place similar restrictions on the savings factors.

b. The ME 2010 TRM is limited to VFDs installed on motors 5 HP through 30 HP, on HVAC supply,
return and exhaust fans, chilled water pumps, and heating hot water circulation pumps, with
baseline control system that is fmntrol or bypass. All other controystems such as on/off,
inlet vanes, dampers, throttling valves, Eddy current, magnetic coupling, etc. must use a custom
calculation.Case studies labeled with this naee technically not eligible to use tiHdETRM,
however,the protocol was applied anyweor comparison purposes only.

c. The VT 2010 TRM is limited to VFDs installed on motors less than 10 HP, on HVAC supply, return
and exhaust fans, chilled water pumps, and boiler feader pumps, with baseline control
system that is necontrol, inlet guidevanes, outlet guide vanes, and throttling valv€sse
studies labeled with this notare technically not eligible to use théT TRM,however,the

protocol was applied anyway for comparison purposes only.

4.2.2 TRM Demand Savings Estimates

I £ (0 K2 dza K loffef an éskinfate dfweakddemand savings, it is not worthwhile to analyze the
differences between the estimates as the demaadingdepends entirely on the defined peak
demand period which differsignificantlybetween many of the TRM30 properly esthate peak
demand savings forgiven project an hourly load profile and seasonal average load profile are
necessary in addition to a defined peak period. As these differ from jurisdiction to jurisdiction an apples
to apples comparison cannot be made.

The eémand savings estimates are shown for each case study for informational purposes only to

show the diversity of demand predictions. No further analysis was done beyond this.

4.3 Estimating Savings Using EnergyPlus Modeling
Agoal of this project was to compaemergy savings estimates from EnergyPlus simulations for the

various case studies to the verified saviags the TRM estimated savingghese results wille usedo
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determine if simplified prototypical computer simulation models will be better predictdesnergy
savings than the TRM based estimates.

The/ ! 599w | YeBsertiglly usevenefdy modeling results as a basis for the TRM savings
estimation protocol It is not clear whether these savings estimates based on energy modeling results
are morereliable than an algorithm based approach.

Becausehe case studiesised for this studware in different cities than the CA DEER and NY TRM
models are based on, it is important to develop savings esémby running the models witheather
files from thecase study specifigties. This study will be a bit more project specific as well because the
models will be run with simulations of the actual baseline system type to the retrofit systenatygpe

control typewithout averaging multiple types together ¢luas the CA DEER does.

4.3.1 DOE EnergyPlus Commercial Building Prototypes

Theenergy simulationrmodelsfor each case studgre based on the U.S. Department of Energy
Commercial Reference Building prototypical modelsS. Departmernf Energy (DOE), 2012)here are
16 different building types that are available, and each is available with construction based on either
GbSs /2yaiNH2OGA2YES GO9EAAGAY I oMmhy /RAYETE 2008 yea Al ENSZOIA
buildings construé SR 0 S T 2 Ndv oy dpAll pratatypicaliiBdels argpre-programmed using 6
different climate zonesalthough each model can be run in any climate zone with available EnergyPlus
weather data.

C2NJ GKAA adGdzRez GKS a[ I Ndng protctypes Weetuset iy estintate S R A dzY  t
alr @gAy3a F2NJ OFasS aidzRASa MI HI o0X nX czaloheyR 17T¢ C?2
wSGFAtE LINRPG2GeLIS 61 & dzaSR +ta GKS o0Sad | grAftlofS
representationof a large mall, however, it is a common occurrence in energy efficiency programs for a
non-conforming building to apply for incentives. This is a good test to see if a prototypical model can be
used to estimate savings for a neonforming building. It ray be that it is more appropriate to assign
non-conforming buildings to a custom measure with custom energy calculations/modeling performed,
rather than to use prescriptive methodologies.

Because the case study files did not include any indication ofibgi&be, it is assumed that all
buildings were built pos1980 for the energy modeling. Therefore, all case studies utilized the post
1980 prototypes as the starting point. Models were simulated using Typical Meteorological Year 3

(TMY3) weather data fohe specific city of eachase study.
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The results of the prototype simulatiomgere used to determine energy savings per motor
horsepower (kWh/hp). Téaresultingsavings estimatevasthen usedto estimate savings for the actual

case studyased on the total retrofitted motor horsepower

4.3.2 EnergyPlus Modeling of HVAC Systems

The Medium Office and Large Office building prototypes both were initlaflignedas using single
duct VAV systems with VFDs installed on the fans. The default falogdrturve was based on an LBNL
generic curve for VFDs (Curve no. 12), however, as discussed in the sections above, this likely
overestimates savings as it does not fully account for system back pressure. The default fan curve for
VFDs will be replaced thithe CA Title 24 VFD fan curve (Curve no. 11) using the coefficients shown in
Tablel above and duplicated ifiable4 below. To model the baseline condition the most appropriate

fan curve from the table will be used for each case study.

Table4. Fan Part Load Ratio Regression Coefficie(@snneville Power Administration)Ernest Orlando Lawrence
Berkeley National Laboratory (LBNL), 201@)ray & Matson, 2003)(Duplicate ofTablel)

Regression Coefficient

Fan Control Type b c

1 Discharge Dampers (LBNL) 0.37073425 0.97250253 -0.34240761 0
Outlet Damper, Bl & Airfoil Fan

2 0.5592857 -0.56905 2.462 -1.4
(BPA)

3 Inlet Damper Box (BPA) 0.5025833 0.71648 -1.452 1.3
Inlet Guide Vane, Bl & Airfoil

4 0.472619 0.67944 -1.554 14
Fans (BPA)

5 Inlet Vane Dampers (LBNL) 0.35071223 0.30850535| -0.54137364| 0.87198823

6 Outlet Damper, FC Fans (BPA] 0.2041905 0.10983 0.745 0

7 Eddy Current Drives (BPA) 0.1639683 -0.05647 1.237 -0.3

8 Inlet Guide Vane, FC Fans (BP 0.2 0.06808 -0.128 0.9

9 VFD (LBNL) 0.001530245 0.005208057] 1.1086242| -0.11635563

10 VFD (BPA) 0.059 -0.19567 0.766 0.4
VFD (CAitle 24) (Wray &

11 0.1021 -0.1177 0.2647 0.76
Matson)

12 E+ Prototype VAV w/ VFD (LB] 0.040759894 0.08804497| -0.07292612| 0.943739823
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The Medium Office building prototype uses packaged rooftop air conditioners for cooling and a gas
furnace in thepackaged rooftop unit for heating. The VAV terminal boxes have electric resistance reheat
and dampers.

The Large Office building prototype uses two wateoled centrifugal chillers with an open cooling
tower for cooling and a gas boiler for heating. TH&Aterminal boxes have hetater coil reheat and
dampers.

The Stanehlone Retail building prototype was initiatlgsignedas a Constant Volume (CV) system
with four packaged rooftop units with air conditioners for cooling and a gas furnace in the packaged
rooftop unit for heating. To estimate savings for the Large Mall case study, the HVAC systaragype

converted to a VAV systerfihe packaged rooftop units were maintained, however.
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Chapter 5

5 Case Study Details and Savings Estimates
The following sectiondescribe the details of each case study and the results from applying each
TRM methodology, and the EnergyPlus model@ase study numbering was in order of convenience

only.

5.1 Case Study 1
Case study number 1 was provided by Yaskawa, a VFD manufacturer, as part of their marketing
materials.The project was a test project to show proof ts@utheastern US countyovernment that
retrofitting an existingcounty courthouseandlaw enforcementuilding HVAC system with VFDs would
save energyThe test projectvas a requirement of the county to allow therger project to move
forward. The project was published in two periodicals as white papéaskawa, 2004Phillips, 2004)
The test project consisted of a comparison of the energy consumption of the seventh and eighth
floors of an existing courthouse building after retrofitting the-lagmdling unit (AHU) of the seventh
floor only with \FDs After the retrofit, the two floors were metered and logged for a-d8y test period,
from August 30, 2002 through September 11, 2002, and the consumption for each floor was then
annualized and compare&inceboth floors have similar floor plans andaupancy patternswith
cooling required around the clock for seven days a week serving courtrooms aedfasgement
facilities this study provided anique sideby-side energy consumption comparisorhisoffers a more

reliable way of estimating energavings than most alternatives.

5.1.1 System Setup
The baseline system wad/AVAHU with &25-HP fan motowith IGVs for each of the comparison
floors. Thefanmotoroperatedl & O2y adl yi &aLISSR® ¢ KJHUWSrgfiti K F 2 2 NJ
with aVFD onhe existing fan motor and the IGVs were locked open. The system was contoolled
maintaina duct static pressure setpoint of 1 inatg measured using a pressure transducer installed in
the ductwork. The total annual run hours of the fan were estimatetestas 8760 based on the
occupancy type.
There is limited information in the reports and so it is difficult to identify all necessary inputs for the
TRM comparisons and modeling. In particular, the motor efficiency is unknown, but assumed as EPact

efficiency for comparison purposes. The report did not sfyettie fan type as axial or centrifugal, nor

Page| 60



did it mention the type of fan blade. For purposes of analysis it is assumed that the $asentaifugal
with BV AFblades as common fan type for this typef system.

The location was not specified other than to say it was locatedhajar Southeastern
governmental organization. For purposes of analysis it is assumed to be in Atlanta, GA. It is recognized
that this assumptiornis significant for thenalysis sincelimate zone can have a large impact on energy
savings. Because deemed savings estimation methods are trying to get in the rough ballpark of verified
savings estimates this limitation is acknowledged and accepted as a reasonable risk.

Table5 summarizes the baseline system setup for Case Study 1.

Table5. Case Study 1 Project Summary

Motor Motor Motor Motor BaselineFan Fan Blade Baseline VAV  Operating Hours

Application  Quantity HP Efficiency Type Type Control Type  (actual/assumed

for analysis)

AHUSupply 1 25 91.7% (EPact Centrifugal BI/AF blades L D+ Qa 87607665
Fan assumed) (assumed) (Policeffire stations
24 hn)

5.1.2 Verified Savings
Verified svings from the project were estimated at 77,948 kWh per year based on the monitoring

period metered results extrapolated to a year.

5.1.3 TRM Savings Estimates

Table6 shows theresults of the estimates using the TRM protocols. mi@mum ratio of predicted
to verified energy savings is 18% (OH 2010 TRM) and the maximum is 95% (NJ 2012 TRM), with an
F@SNIF IS 2F nmurd it 2F (KS ¢waQad dzyRSNBaAGAYFGSR 0
surprising given that the case study was likely selected by the manufacturer to show maximum savings
in order to convince the county governmenttoing t f Y2NBE +C5Qa Ay GKSANI FI OA
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Table6. Case Study 1 TRM Savings Estimates
Predicted / Predicted /
Verified Verified

Peak Demand Energy Demand
Energy Saving: Savings Savings Savings
TRM Source (kWh) Summer (kW) Ratio Ratio
Verified Savings 77,948 NA NA  NA
SU 2011 MSEM 58,050 1.100 74% NA
CA DEER 2011 24,842 5.000 32% NA
CT 2012 TRM 37,892 2.825 49% NA
IL 2012 TRM 15,154 2.115 19% NA
NJ 2012 TRM 74,048 9.111 95% NA
Mid-Atlantic 2011 TRM 47,391 0.991 61% NA
OH 2010 TRM 13,798 1.983 18% NA
PA 2013 TRM 26,540 1.467 34% NA
ME 2010 TR 22,247 3.845 29% NA
MA 2012 TRM 29,335 1.745 38% NA
NY2010 TRM 40,125 1.400 51% NA
VT 2010 TRM 25,025 4.325 32% NA
Manufacturers' Calculators 48,604 6.341 62% NA

5.1.4 EnergyPlus Modeling Results

Case Study 1 was modeled using the Large Office prototype. The baseline model fans were set to a
VAV system with IGVs and BI/AF blades using fan curve nurfioen #able4. The retrofit model fans
were set to a VAV system with VFDs using fan curve number 11. Both cases were run using TMY3 data
for Atlanta, GA.

The results fromthe modelingare showrbelow. Table7 shows the total building electric energy

savings predicted using the models.
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Table7. Case Study 1 EnergyPlus Model Total Electric Enayyngs Estimates.

Variable Results

Model Total Fan Motor break kW 371
Model Total Fan Motor BHP 497

Baseline Model Total Electric Consumpt
8,172,872

(kWh) =

Retrofit Model Total Electric Consumpti
7,135,158

(kwh) =

Total Electric Energyavings (kWh) 1,037,714

Total Electric Energy Savings per B

2,087
(KWh/BHP) 3
Assumed Load Factor 0.6
Model Total Electric Energy Savings 1952
Nominal HP (KWh/HP) ’
Case Study Total Fan Retrofit Nominal H 25
Case Study Model Estimatéelbtal Electric
) 31,301
Energy Savings (kWh/yr)
Verified Electric Energy Savings (KWh/yr 77,948
Model Predicted / Verified Energy Saving 0.40

Ratio =

Table8 shows the fan only electric energy savings. fitve-fan electric energy savings 1¢.7% of
the total electric energy savings. This is a significant differafb. the exception of the CAHER and
b, ¢waX y2yS 2F (KS ¢waQa | 002dzyd F2NJ I RRAGAZ2Y I
motor itself. Given these results it is possible that this is a significant underestimation of potential

savings.
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Table8. Case Study 1 EnergyPlus Model Fan Only Electric Energy Savings Estimates.

Variable Results

Model Total Fan Motor break kW 371
Model Total Fan Motor BHP 497

Baseline Model Fan Electric Consumpt
1,121,806

(kWh) =

Retrofit Model Fan Electriconsumption
236,278

(kwh) =
Fan Electric Energy Savings (kW 885,528

Fan Electric Energy Savings per

1,781
(KWh/BHP) 3
Assumed Load Factor 0.6
Model Fan Elecit Energy Savings p
_ 1,068.41
Nominal HP (kWh/HP)
Case Study Total F&etrofit Nominal HP 1 25
Case Study Model Estimated Fan Elect
) 26,710
Energy Savings (kWh/yr)
Verified Electric Energy Savings (KWh/yr 77,948
Model Predicted / Verified Fan Only Energ 0.34

Savings Ratio 3

Table9 shows the fuel heating impacthere is a slight increase in fuel consumption to make up for
the reduced motor and fan heat load with the VFD installed. The models assume a natural gas boiler
with hot water reheat. If the building used electric resistance reheat this would reduce the total electric
energy savingsl he electric penalty would be about 848 kWh/yr or roughly 3% of total savings.
However, this would be offset by reduced pumping mgyefor the water loop and therefore may not be
a significant enough concern to worry abotlihe details on the case study do not provide any
information on the type of reheat used, but water coil reheat with a natural gas boiler is a common

system type ad is a reasonable assumption.
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Table9. Case Study 1 EnergyPlus Model Fuel Savings Estimates.

Variable Results

Model Total Fan Motor break kW 371
Model Total Fan Motor BHP 497
BaselineModel Fuel Consumption (MMBtu
3,192
RetrofitModel Fuel Consumption (MMBtY
3,326
Fuel Savings (MMBtu) (133)
FuelSavings per BHP (MMBtu/BHP (0.27)
Assumed Load Factor 0.6
Model Fuel Savings per Nominal K
(0.16)
(MMBtu/HP) =
Case Study Total Retrofit Nominal H 25
CaseStudy Model Estimated Total Fug
. (4.02)
Savings (MMBtu/yr) 5

Although apredicted to verified energy savings ratib0.40 is not very good, this is not entirely
unexpected for this case study. The details of the case study indicate this facility runs 24/7/365, but the
Large Office prototype uses the more typical office occupancy pattern of weekdays during 8am to 5pm.
Given the number of operating hours for the case study outside this rarmgéipaf 0.40 is realistic.

This is in fact similar to the average TRMdicted to verified energy savings ratib0.47.

5.1.5 Summary
Figurell shows a comparison of all the TRM and EnergyPlus model results versus the verified
savings. With the exception of the NJ 2012 TRM, all of the methods predicted much lower savings than
the verified results. Given that the NJ 2012 TRM appears to be aardutlielation to the other TRMs it
is not likely that it was giving more reliable results, but more that it is just different than the others.
These results indicate there is a significant difference in the actual project details versus what the
models @sumed. As stated above, it is likely a result of the case study having operating hours of
24/7/365 which is much higher than the standard hours for an office building. Overall, for this project

none of the methods yielded results that could be consideadidble for this case study.
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Figurell. Case Study 1 Energy Savings Prediction Comparison

5.2 Case Study 2

Case study number 2 w&®m an independent evaluation of a Miitlantic energy efficiency
incentive program. The project wasa large downtown office buildinigcated in Philadelphia, RAnd
includedretrofit of existing HVAC supply and return fans with VFDs. A total of 16 new VFDs were
installed, eight on supply fans and eight on return fans.

The project was verified usirgpot power measurements at various VFD frequencies and runtime
logging to determine operation characteristics and run hours. The data was weather normalized and
extrapolated to a full year using bin analysis to estimate annual verified saWlagsNode/Hdo power
meters were installed to meter the fan motors over a period of time, however, all data came back

unusable and the spot measurements and trend logging was used to verify savings estimates.

5.2.1 System Setup
The baseline system wagght VAVAHUs with 125-HPsupplyfan motors and 46HP return fan

motors. Each fan was controlledth IGVs. The fan motseoperated at constant speed\ll AHU were
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retrofit with VF on both the existingsupply and returrfan motors,and the 1IGVs were locked open.
The systemwas controlledo maintainaduct static pressureThe fans schedules were verified as set to
off during unoccupied hour&.he total annual run hours of the fawere verified as 4004 hours based
on the logger data extrapolated to a year

There is limitednformation in the reports and so it is difficult to identify all necessary inputs for the
TRM comparisons and modeling. In particular, the motor efficiency is unknown, but assumed as EPact
efficiency for comparison purposes. The repdid specify the fartype ascentrifugal but it did not
mention the type of fan blade. For purposes of analysis it is assumed that the fan was centrifugal with
BV AFblades as a commontiaype for this type of system.

Tablel0 summarizes the baseline system setup for Case Study 2.

Tablel10. Case Study 2 Project Summary

Motor Motor Motor BaselineFan Fan Blade Baseline VAV  Operating Hours
Application  Quantity Efficiency Type Type Control Type  (actual/assumed
for analysis)
AHUSupply 8 125  94.5% (EPact Centrifugal  BI/AF blades L D+ Qa  40043748(office) |
Fans assumed) (assumed)
AHU Return 8 40 93.0% (EPact Centrifuga BI/AFblades L D+ Qa 4004/ 3748(office)
Fans assumed) (assumed)

5.2.2 Verified Savings

Verified saingsfor the project were estimated &240,051kWh per yeabased on the monitoring
period metered results extrapolated to a year. Verified peak demand savings were estimate824
kW per PA Act 129 requirements which require estimating demand savings over the top 100 hours of

maximum system demand.

5.2.3 TRM Savings Estimates
Tablell shows theresults of the estimates using the TRM protocols. mimum ratio of
predicted to verified energy savingsdi6% (IL 2012 TRM) and the maximum is 326% (SU 2011 MSEM),
with an average of 148%. Most TRMs overestimated savaitugh the CT 2012 TRM gretion was
quite close to the verified savings estimates at 10G¥en that the actual hours of use were fairly close
to the assumed hours of use for analysis purposes, it is not somewhat surprising to see how much higher

the TRM estimates are.
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Tablell Case Study 2 TRM Savings Estimates
Predicted / Predicted /
Verified Verified

Peak Demand Energy Demand
Energy Saving: Savings Savings Savings
TRM Source (kWh) Summer (kW) Ratio Ratio

| VerifiedSavings 940051 95324  NA  NA
SU2011 MSEM 3,065,033 58.055 326% 61%
CA DEER 2011 1,310,760 273.240 139% 287%
CT 2012 TRM 953,028 145.331 101% 152%
IL 2012 TRM 335,492 108.795 36% 114%
NJ 2012 TRM 1,862,383 468.656 198% 492%
Mid-Atlantic 2011 TRM 1,191,925 50.966 127% 53%
OH 2010 TRM 1,106,799 203.991 118% 214%
PA 2013 TRM 667,517 75.477 71% 79%
ME 2010 TRM NA NA NA NA
MA 2012 TRM 1,529,162 102.822 163% 108%
NY2010 TRM 2,007,560 84.416 214% 89%
VT 2010 TRM 1,488,680 257.160 158% 270%
Manufacturers' Calculators 1,254,848 334.805 133% 351%

5.2.4 EnergyPlus Modeling Results

Case Study 2 was modeled using the Large Office prototype. The baseline model fans were set to a
VAV system with IGVs and BI/AF blades using fan curve ndnfioen Table4. The retrofit model fans
were set to a VAV system with VFDs using fan curve number 11. Both cases were run using TMY3 data
for Philadelphia, PA.

The results from the modeling are shown beldwablel2 shows the total building electric energy
savings predicted using the modeldith a predicted to verified energy savings ratio of 1.88, the energy

models sigificantly over predicted savings relatively to the verified savings.

Tablel2. Case Study 2 EnergyPlus Model Total Electric Energy Savings Estimates.
Variable Results ‘
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Model Total Fan Motor break kW 365
Model Total Fan MotoBHP = 489

Baseline Model Total Electric Consumpt
8,012,447

(kWh) =

Retrofit Model Total Electric Consumptig
6,918,922

(kwh) =
Total Electric Energy Savings (kwh 1,093,525

Total Electric Energy Savings per B
¥ =P 2,237

(kWh/BHP) 5
Assumed Loa#actor = 0.6

Model Total Electric Energy Savings
1,342

Nominal HP (kWh/HP)
Case Study Total Fan Retrofit Nominal H 1320

Case Study Model Estimated Total Elect
) 1,771,585

Energy Savings (kWh/yr)
Verified Electric Energy Savings (KWh/yr 940,051
Model Predicted / Verified Energy Saving 188

Ratio = '

Variable Results

Model Total Fan Motor break kW 365
Model Total Fan Motor BHP 489

Baseline Model Fan Electric Consumpt
1,157,875

(kwh) =

Retrofit Model Fan Electric Consumpti
236,342

(kwh) =
Fan Electric Energy Savings (kW 921,533
Fan Electric Energy Savings per 1,885

Tablel3 shows the fan only electric energy savings. Theflaorelectric energy savingslis.7% of
the total model predictedelectric energy savingégain, his is a significant difference and miagicate

that savings for the noffan benefits should be considered when estimating VFD savings.

Tablel3. Case Study 2 EnergyPlus Model Fan Only Electric Energy Savings Estimates.

Pagel| 69



(KWh/BHP) 5

Assumed Load Factor 0.6

Model Fan Elecit Energy Savings p 1131
Nominal HP (kWh/HP)

Case Study Total Fan Retrofit Nominal H 1320

Case Study Model Estimated Fan Elecl 1.492.947
Energy Savings (kWh/yr)

Verified Electric Energ$avings (kWh/yr) =5 940,051
Model Predicted / Verified Fan Only Energ

Savings Ratio 1 159

Tablel4 shows the fuel heating impact. There ia@iceableincrease in fuel consumption to make
up for the reduced motor and fan heat load with the VFD installed. The models assume a natural gas
boiler with hot water reheat. If the building used electric resistance reheat this would reduce the total
electric energy savings. The electric penalty would be abh69t600kWh/yr or roughly9.6% of total
savingsThis would be offset by reduced pumping energy for the water loop. It is likely the offset would
be less than the 9.6% and therefore this may be a significant impact which should be conditiered.
details on the case study do not provide any informatiortioe type of reheat used, but water coil

reheat with a natural gas boiler is a common system type and is a reasonable assumption.

Tablel4. Case Study 2 EnergyPlus Model Fuel Savings Estimates.

Variable Results ‘
Model Total Fan Matr break kW =5 365
Model Total Fan Motor BHP 489
BaselineModel Fuel Consumption (MMBty
6,555
RetrofitModel Fuel Consumption (MMBtY
7,051
Fuel Savings (MMBtu) (497)
FuelSavings per BHP (MMBtu/BHP (1.02)
Assumed Load Factor 0.6
Model Fuel Savings per Nominal K
(0.61)
(MMBtu/HP) =

Pagel| 70



Case Study Total Retrofit Nominal H 1,320
Case Study Model Estimated Total Fu
Savings (MMBtu/yr) =

(804.72)

The model predictions for Case Study 2 are almost the exact opposite of the Case Study 1 outcome.
The EnergyPlus prototype outcomes resula predicted to verified energy savings ratib1.88, which
isagainnot very good but because it is too higka this case study, both the prototype and the case
study building are large office buildings. The prototype was run using Philadelphia, PA TMY3 weather
data so this is not an issue of applying results from one climate zone to another. Both the casendtudy a
the prototype should have similar occupancy schedules as there is nothing in the project data to suggest
a 24/7/365 occupancy as in Case Study 1. The results point to significant differences between the
prototype model and the case study building, butheut more details on the building itself, it is
impossible to narrow it down to the driving source of the discrepancy.

While not quite as drastic, the average TRiMdicted to verified energy savings rati@s similarly
high at 1.48. There appears to bemething inherent in this project which leads the raustomized
prediction methodologies to overestimate savingscould be that the TRM estimates are closer
because for the most part they only consider the fan savings whereas the modeling estintates to

building savings.

5.2.5 Summary
Figurel2 shows a comparison of all the TRM and EnergyPlus model results versus the verified
savingsMost of the predictions overestimate savings as compareithéoverifiedestimates For this
case study the SU 2011 MSEM significantly overestimates savings at a ratio of 326%. One of the primary
limitations of that TRM protocol is no ability to adjust iseys based on project type. This clearly affects
the savings predictions for this case study as the SU 2011 MSEM is really an outlier.
On average the TRM results (average TRM predicted to verified rétéBéb)are less than the
modeled results for botlthe total savinggratio of 188%pand the fan only savindgatio of 159%)There
was a wide range of estimates from the TRM protocols though so it is hard forghys project none of
the methods yielded results that could be considered reliable far ¢hse studylhe fan only savings

was in a similar range as the TRM average though.
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Figurel2. Case Study 2 Energy Savings Prediction Comparison

5.3 Case Study 3

Case study number 3 was also from an independent evaluation of -#@téidtic energy efficiency
incentive program. The project was a major retrofit project in a large downtown office building located
in Philadelphia, PA, and included retrofit of existing HYAC AHU supplfréshsair intakefans,cooling
tower fans, hot vater loop pumps, and cold water loop pumpéh VFDs.

The project included VFD retrofits to the following motors:

1 AHUVAVsupply fan motors
0 36-7.5 HP hi/low
1 HVAdresh air intakefans
0 1-40 HPVAVfan withL D+ Q a
o 1-30 HPVAVfanwithL D+ Qa
1 Gooling tower fars
0 3-60 HP hi/low
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1 hot water loop pumps
0 2-20 HP outlet valves riding pump curve
0 1-40 HP summer only&ay valve, constant 50% flow
o 3-75 HP winter only, one pump at a time, outlet valves riding pump curve
0 2-15 HP operate over 50F, outlet valves riding puuagpve
1 domestic cold water loop pumps
o0 1-15 HP with outlet damper riding pump curve

0 1-20 HP with outlet damper riding pump curve

Only the AHU supply fans afrésh air intakanswere verified usingrend data and logging to
determine bins and EFLH to exidate to weather normalized annual savingibe baseline and retrofit
Fly 12 ¢la SaAGAYIFIGSR o0lFlaSR 2y (GKS LI NG t2FR STFAO
VFD displayed kW, however, the EMS did not allow logging of power. Spot power nmeasisrand
speed were compared to estimates from the fan part load curves and were found to match well with the
panel.A majority of the TRMs do not apply to tvepeed motor baselines, however, therefore, only the

fresh air intakean motorsareincluded fa comparison.

5.3.1 System Setup

The baseline systemmder consideratiomvas1-40 HP VA¥fesh air intake fan andi-30 HP VAV
fresh air intake fanEach fan was controlled with IGVs. The fan motors operated at constant $petbd.
fan motorswere retrofit with VFDs, and the IGVs were locked opememoved The system was
controlled to maintain acheduledduct static pressureperating at constant speed most of the time
The total annual run hours of the fans were verifiedb@g0hoursfor the 40 HP fan and 40zhours for
the 30 HP famased on thdérend data extrapolated to a yeailhe motor efficiency was verified as
NEMA premium.

There is limited information in the reports and so it is difficult to identify all necessary inputs for the
TRM comparisons and meling. The report diehot specify the fan type. For purposes of analysis it is
assumed that the fan was centrifugal wBill AFblades as a common fan type for this type of system.

Tablel5 summarizes the baseline system setup for Case Sudy

Tablel15. Case Stud$ Project Summary

Motor Motor Motor Motor BaselineFan Fan Blade Baseline VAV  Operating Hours

Application Quantity HP Efficiency Type Type Control Type (actual/assumed
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Fresh Air 1 40 94.1% Centrifugal BI/AF blades L D+ Qa 5270 3748(office)
IntakeFan (assumed)
Fresh Air 1 30 94.1% Centrifugad BI/AF blades L D+ Q& 4720 3748(office)
Intake AN (assumed)

5.3.2 Verified Savings

Verified savings for thizesh air intake fans portion of thjgroject were estimated at08,940kWh
per year based on the monitoring period metered results extrapolated to a year. Verified peak demand
savings were estimated &6.363 kW per PA Act 129 reqrements which require estimating demand

savings over the top 100 hours of maximum system demand.

5.3.3 TRM Savings Estimates

Case study 3 was another project in a large office building in downtown Philadelphia, PA, however,
the project consisted of multiple FAC measures. The TRire used to estimate savinf@r the fresh
air intake fan retrofits onlyTablel6 shows the minimum ratio of predicted to verified energy sgsiis
16% (IL 2012 TRM) and the maximum is 149% (SU 2011 MSEM), with an average of 67%. Similar to all
other case studies, there is a wide deviation of estimates. In this instance the NY 2010 TRM prediction

was quite close to the verified savings estimaae403%.
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Table16. Case Study 3 TRM Savings Estimates
Predicted / Predicted /
Verified Verified

Peak Demand Energy Demand
Energy Saving: Savings Savings Savings
TRM Source (kWh) Summer (kW) Ratio Ratio

| VerifiedSavings 108,940 25363  NA  NA
SU 2011 MSEM 162,540 3.079 149% 12%
CA DEER 2011 69,510 14 64% 57%
CT 2012 TRM 50,557 7.710 46% 30%
IL 2012 TRM 17,797 5.771 16% 23%
NJ 2012 TRM 98,796 24.861 91% 98%
Mid-Atlantic 2011 TRM 63,230 2.704 58% 11%
OH 2010 TRM 58,714 10.821 54% 43%
PA 2013 TRM 35,411 4.004 33% 16%
ME 2010 TRM NA NA NA NA
MA 2012 TRM 80,043 4.761 73% 19%
NY2010 TRM 112,350 3.920 103% 15%
VT 2010 TRM 70,070 12.110 64% 48%
Manufacturers' Calculators 66,545 17.755 61% 70%

5.3.4 EnergyPlus Modeling Results

Case Study 3 was modeled using the Large Office prototype. The baseline model fans were set to a
VAV system with IGVs and BI/AF blades using fan curve nurfioen #able4. The retrofit model fans
were set to a VAV system with VFDs using fan curve number 11. Both cases were run using TMY3 data
for Philadelphia, PA.

The results from the modeling are shown beldwablel7 shows the total building electric energy
savings predicted using the models. Witpradicted to verified energy savings ratib0.86, the energy
models wee in an acceptable range for energy efficiency program implementation and evaluation. It

would be unrealistic to expect a generic method to consistently have more reliable savings than this.
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Tablel7. Case Study 3 EnergyPlus Modetdl Electric Energy Savings Estimates.

Variable Results

Model Total Fan Motor break kW 365
Model Total Fan Motor BHP 489

Baseline Model Total Electric Consumpt
8,012,447

(kWh) =

Retrofit Model Total Electric Consumpti
6,918,922

(kwh) =
Total Electric Energy Savings (kwh 1,093,525

Total Electric Energy Savings per B
2,237

(KWh/BHP) =
Assumed Load Factor 0.6

Model Total Electric Energy Savings
) 1,342

Nominal HP (kWh/HP)
Case Study Total Fan Retrofit Nominal H 70

CaseStudy Model Estimated Total Electr
) 93,948

Energy Savings (kWh/yr)
Verified Electric Energy Savings (KWh/yr 108,940
Model Predicted / Verified Energy Saving 0.86

Ratio = '

Tablel8 shows the fan only electric energy savings. Thefaprelectric energy savings is again
15.7% of the total model predicted electric energy savings. This is a significant difference and may

indicate that savings for the néfian benefits should be consideatt when estimating VFD savings.
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Tablel8. Case Study 3 EnergyPlus Model Fan Only Electric Energy Savings Estimates.

Variable Results

Model Total Fan Motor break kW 365
Model Total Fan Motor BHP 489

Baseline Model Fallectric Consumptiof
1,157,875

(kwh) =

Retrofit Model Fan Electric Consumpti
236,342

(kwh) =
Fan Electric Energy Savings (kW 921,533

Fan Electric Energy Savings per

1,885
(KWh/BHP) 3
Assumed Load Factor 0.6
Model Fan Elecit Energysavings pe 1131
Nominal HP (KWh/HP) ’
Case Study Total Fan Retrofit Nominal H 70
Case Study Model Estimated Fan Elect
79,171

Energy Savings (kWh/yr)
Verified Electric Energy Savings (KWh/yr 108,940
Model Predicted / Verified Fan Onlignergy

_ . 0.73
Savings Ratio 3

Tablel9 shows the fuel heating impact. There is a noticeable increase in fuel consumption to make
up for the reduced motor and fan heat load with the VFD installed. The models assume a natural gas
boiler with hot water reheat. If the building used electric resistance reheat this would reduce the total
electric energy savings. The electric penalty would be about 8,990 kWh/yr or roughly 9.6% of total
savings. This would be offset by reduced pumping gnéor the water loop. It is likely the offset would
be less than the 9.6% and therefore this may be a significant impact which should be considered. The
details on the case study do not provide any information on the type of reheat used, but water coil

reheat with a natural gas boiler is a common system type and is a reasonable assumption.
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Tablel19. Case Study 3 EnergyPlus Model Fuel Savings Estimates.

Variable Results

Model Total Fan Motor break kW 365
Model Total Fan MotoBHP = 489
BaselineModel Fuel Consumption (MMBtu
6,555
RetrofitModel Fuel Consumption (MMBtY
7,051
Fuel Savings (MMBtu) (497)
FuelSavings per BHP (MMBtu/BHP (1.02)
Assumed Load Factor 0.6
Model Fuel Savings per Nominal K
(0.61)
(MMBtu/HP) =
Case Study Total Retrofit Nominal H 70
Case Study Model Estimated Total Fu
. (42.67)
Savings (MMBtu/yr) 5

The model predictions for Case Study 3 are much more reasonable than those for Case Studies 1 and
2. Atotal model predicted to verified energy savings raiid.86 isacceptableamong energy efficiency
program evaluationsHowever, anore realistic comparison to the TRM protocalsuld be to look at
the fan only energy savings with a ratio®73, whichis slightly below the acceptability range for
efficiency program evaluation¥here is no set range for acceptability, but typically a ratio of 0.85 to
1.15 is consideretkasonableWithout more project level details it is difficult to know why Case S&udy
results were so much better than Case Studies 1 and 2. Thedelingresults areboth better than the

average TRM predicted energy savipgadicted to verified energy savings ratio of 67%

5.3.5 Summary

Figurel3shows a comparison of all the TRM and EnergyPlus model results versus the verified
savingsAs with the energy models, st of theTRM savings estimatesiderestimatesavings as
compared to the verified estimagewith the exception of the SU 2011 MSEM which is again an outlier,
and the NY 2010 TRM
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On average the TRM results (average TRM predicted to verified ra@i@gfare less than the
modeled results for both the total savings (ratio8&0) and the fan ly savings (ratio 0f3%). There
was a wide range of estimates from the TRM protocols though so it is hard to say for this project none of
the methods yielded results that could be considered reliable for this case gtgdyn, tle energy
modelfan onlysavingsestimatewascloser to theTRM averagéhan the energy model total savings

estimate
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Figurel3. Case Study 3 Energy Savings Prediction Comparison

5.4 Case Study 4

Case study number 4 was also from an independent evaluatiarMié-Atlantic energy efficiency
incentive program. The project was a major retrofit project in a large downtown office building located
in Philadelphia, PA, and included retrofit of existing HYAC AHU supply and return fans, cooling tower
fan, and condener water pumps with VFDs. The verification determined that only the supply and return
fan retrofits saw energy savings and thus are the only retrofits considered here.

The project included VFD retrofits to the following motors:
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